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Ultra-wideband impulse radio (UWB-IR) is a promising short range
radio technique for low-power applications in wireless communications, net-
working, radar, imaging, and position ranging systems. The UWB-IR radi-
ates a train of extremely short baseband pulses on the order of nanoseconds
or subnanoseconds. Thus, the energy of the radio signal occupies from near
DC to several GHz. Since the frequency spectrum of the UWB signals is ex-
tremely broad, the UWB radio must operate under Federal Communications
Commission (FCC) regulations to avoid interference with other existing sys-
tems such as Global System for Mobile Telecommunication (GSM), Wireless
Local Area Networks (WLAN), Global Positioning System (GPS), Universal
Mobile Telecommunications System (UMTS), Wideband Code Division Mul-
tiple Access (WCDMA). In addition, UWB radios must contend with various
vi
interfering signals to preserve reliable communications.
In general, the power spectral density of the radiated signal is predom-
inantly controlled by the pulse shape. Moreover, the choice of pulse shape
strongly affects the bit error rate performance and the performance degrada-
tion in multipath propagations as well as multiuser interference environments.
Thus, the challenge has been to design new pulses that exploit the available
bandwidth to support practical applications while satisfying a spectral mask.
However, most pulses require additional frequency shifting or bandpass filters
to comply with the spectral mask. On the other hand, algorithms have been
developed for designing multiple orthogonal pulses, such as the modified Her-
mite polynomial function and a pulse design algorithm utilizing ideas of the
prolate spheroidal wave function. The purpose of the algorithms is to achieve
high data-rate transmissions.
In this dissertation, the limitations of previous pulse shapes, including
the multiple orthogonal pulse shapes, are reviewed, and then I propose the
principle of generating new orthonormal pulse shapes that comply with the
spectral mask without additional frequency shifting or bandpass filters. Under
various conditions, such as multipath fading, timing mismatch, and multiuser
interference, the performance of the systems using the proposed waveforms
is analyzed and compared with the systems using different waveforms. I also
propose several schemes using the multiple orthogonal pulses to achieve higher
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Telecommunication can be defined as any transmission or reception-
between or among points specified by the user-of voice, data, or other infor-
mation of any nature by wire, radio, or other electromagnetic systems. In
modern times, information is generated by many individuals, and the amount
of information is growing remarkably. Much of the generated information tends
to be communicated by personal devices such as mobile cell phones, personal
computers, PDAs, MP3 players, digital cameras, and digital camcorders.
A simplified block diagram for a digital communication system is shown
in Fig. 1.1. One message of desired information to be sent is selected from a
finite message set, and the transmitter sends a corresponding signal or a wave-
form to the receiver. The transmitted signal or waveform travels through the
channel and is then detected by the receiver. The receiver decides which mes-
sage was sent by comparing the estimated message with the finite message set.
Thus, the desired information is reconstructed from the estimated message at
the receiver. The information, however, is naturally distorted during transmis-
sion because of the effects of the channel, noise, and interference. Moreover,
today’s consumer electronics are exposed to harsh channel conditions, includ-
ing numerous types of interference while at the same time they are required to
1
Information
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i(t) x(t) y(t) î(t)
Estimated
messages
Figure 1.1: Simplified block diagram for a digital communication system
support higher data rates than before. Therefore, today’s consumer electron-
ics are required to be equipped with enhanced transmission techniques that
improve transmission rates and transmission reliability and reduce cost and
power consumption.
Recently, wireless connectivity has become the preferred communica-
tion method for many users because it is easy to install and provides greater
mobility compared to what wired-line connectivity offers. For example, the
entire home networking could easily be established by adopting currently de-
veloped wireless technologies, such as IEEE 802.11a, IEEE 802.11b, and IEEE
802.11g, whereas wired-line technologies, such as cable and digital subscriber
lines, need to install cables in the home. Furthermore, wired-line technologies
do not provide mobility. However, even though wireless technologies have ma-
tured since they emerged in the market, they demand high power consumption,
which is a disadvantage for the applications requiring long battery life, and
the technologies are too expensive to be implemented in low-power, low-cost
applications.
In this dissertation, ultra-wideband impulse radio (UWB-IR) systems
are addressed as potential candidates for low-power, low-cost applications.
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UWB-IR is a promising short range radio technique for low-power applica-
tions in wireless communications, networking, radar, imaging, and position
raging systems [2]. The UWB-IR radiates a train of extremely short base-
band pulses on the order of nanoseconds or subnanoseconds. Since these short
pulses occupy extremely broad bandwidth and can be transmitted directly, in-
formation can be transmitted without being modulated onto carriers in short
ranges. Thus, the intermediate frequency processing, which is necessary for
carrier-based communication systems, can be eliminated for low complexity
implementation of the UWB-IR systems.
Additional advantages of UWB radios are summarized as follows [3]:
1. Enhanced capability of penetrating walls.
2. High accuracy in ranging.
3. Potential for very high data rates.
4. Robust against multipath interference.
5. Low power consumption.
6. Low cost, low complexity implementation and applicability
to a small-size product.
Although the UWB has many attractive features, UWB technology was
mainly considered for radar applications until the FCC released an enormous
bandwidth as an unlicensed band, where the main frequency band resides be-
tween 3.1 GHz and 10.6 GHz. After the emission masks of UWB devices
were released by FCC in February 2002, the commercial potential of UWB
3
technology has been recognized, and many research institutions, industry, and
government agencies have assessed and exploited the potential of UWB radios
in various areas, such as short-range, high-speed access to the Internet, accu-
rate personnel and asset tracking for increased safety and security, precision
navigation, surveillance, health monitoring, industrial inventory control, home
sensing, logistics, and industrial process control and maintenance [3] [4]. The
UWB market is at an early stage, but estimates predict that the UWB market
will be worth $630 million by 2007 [5].
Global interest in the UWB technology is growing dramatically. The
deregulation of UWB technology is currently underway in Korea, Singapore,
Japan, and China, while Europe has undertaken substantive work to produce
a coordinated approach across Europe [6] [7]. In addition to the European
Telecommunications Standards Institute (ETSI) developing regulations, the
European Union (EU) has funded a number of projects in the application and
implementation of UWB technology [6].
Although interest in its commercial potential has been rapidly increas-
ing recently, UWB has a long history dating back to the first UWB transmis-
sion during Heinrich Hertz’s spark discharge experiment in 1893. The radio
communication device invented by Guglielmo Marconi also used a spark-gap
transmitters, and radio signals occupying enormous bandwidth were success-
fully transmitted. In the 1960s, with the development of techniques for sub-
nanosecond (baseband) pulse generation, UWB technology again received no-
tice when the U.S. military considered impulse radio transmissions for imaging,
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radar, and covert communications [6] [8] [9] [10]. In the 1980s, UWB tech-
nology was alternately referred to as baseband or carrier-free until the U.S.
Department of Defense (DoD) applied the term ultra wideband for devices oc-
cupying at least 1.5 GHz, or a -20 dB fractional bandwidth exceeding 25%
[11]. In the early 1990s, much of the work in the UWB field was performed
under classified U.S. government programs, but key technologies and concepts
were brought into the public domain and the development of UWB technol-
ogy has greatly accelerated since the late 1990s [12]. In 1998, the FCC opened
rule making of UWB and issued the rules, referred to as the First Report and
Order (R&O), in February 2002 [1].
The remainder of this chapter is organized as follows. Issues regarding
regulations and standards are described in Section 1.1, and potential appli-
cations of UWB are summarized in Section 1.2. In Section 1.3, the thesis
statement is presented. In Section 1.4, the contributions of this dissertation to
research and organization of the dissertation are described. Section 1.5 defines
the notation and the nomenclature that are used in the dissertation.
1.1 Regulations and Standards Issues
The International Telecommunication Union Radiocommunication Sec-
tor (ITU-R) plays a vital role in worldwide regulatory activity in UWB technol-
ogy. The Task Group 1/8 (TG 1/8) of ITU-R has carried out studies concern-
ing the compatibility between UWB and radiocommunication services. In Eu-
rope, the ETSI has been working to establish a legal framework for the deploy-
5
ment of license-free UWB devices and has proposed a UWB spectrum mask
with the European Conference of Postal and Telecommunications Adminis-
trations (CEPT). In Asia, many countries, such as Korea (at the Electronics
and Telecommunications Research Institute), Japan (at the the Ministry of
Internal Affairs and Communications), and Singapore (at the Infocomm De-
velopment Authority) are making preparations for the UWB regulations [13].
In the USA, the FCC has defined UWB as any wireless transmission
scheme for which the fractional bandwidth is more than 20%, or more than
500MHz of an absolute bandwidth [1]. The fractional bandwidth is defined as
2(fH − fL)/(fH + fL), where fH is the upper frequency and fL is the lower
frequency at the -10 dB emission point. The center frequency of the signal
spectrum emitted by such a system is defined as fC = (fH + fL)/2 at the
-10 dB emission point. Since the frequency spectrum of the UWB systems is
extremely broad, it can cause interference with other systems, such as GPS,
unmanned air vehicles (UAVs), aircraft radar, GSM, UMTS, and WLANs [3]
[14] [15] [16] [17] [18] [19]. Thus, the FCC has regulated the main frequency
band of UWB systems to be between 3.1 GHz and 10.6 GHz [1], as shown
in Fig. 1.2. Moreover, the total allowable average effective isotropic radiated
power (EIRP) from a UWB device is limited to 0.56 mW, and the power spec-
tral mask for UWB applications is restricted as shown in Fig. 1.3.
Significantly, UWB technology has been considered for alternative
air interfaces in IEEE standards, such as wireless personal area networks
(WPANs) and wireless body area networks (WBANs). Since the UWB sig-
6



























Figure 1.2: FCC Part 15 limit and power spectral mask for indoor UWB
systems [1]
Frequency
[MHz] Indoor Comm. Hand Held Comm. Low Freq. Imaging High Freq. Imaging Med. Freq. Imaging Vehicular Radar
<960 15.209 limits 15.209 limits 15.209 limits 15.209 limits 15.209 limits 15.209 limits
960–1610 –75.3 –75.3 –65.3 –65.3 –53.3 –75.3
1610–1900  –53.3 –63.3  –53.3  –53.3 –51.3
1900–1990 –61.3
1990–3100 –51.3 –51.3 –41.3 –61.3
3100–10,600 –41.3 –41.3 –41.3
10,600–22,000 –51.3
22,000–29,000 –51.3 –61.3 –51.3 –51.3 –41.3
20,000–31,000 –51.3
>31,000 –61.3
Equivalent Isotropically Radiated Power (EIRP) [dBm]
Figure 1.3: FCC power spectral mask for UWB applications
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naling provides a new way to utilize the spectrum, many efforts are currently
underway for developing a wide variety of applications of this technology. The
UWB technology can be used for both high data-rate applications at short
range and low data-rate, low-power applications with very fine range resolu-
tion, precision distance, and/or positioning measurement capabilities at longer
ranges.
Recently, communication techniques for personal area networks have
been improved to provide a high rate of data transmission as the demand of
multimedia consumer electronics grows. Thus, high data-rate applications of
the UWB wireless technology have initially drawn much attention, and the
IEEE 802.15.3a study group has been established to investigate the UWB as a
potential solution for short-range, high data-rate applications [20]. This study
group has worked to develop a standard for applications such as video, mul-
timedia links, or cable replacement with a minimum data rate of 110 Mbps
at 10m. There are two UWB standards camps, UWB Forum and WiMedia
Alliance, and those opposing camps has insisted their own approaches, direct-
sequence-UWB and MultiBand Orthogonal Frequency Division Multiplexing
UWB, to be the IEEE 802.15.3a UWB standards. After nearly three years
of dispute, however, the IEEE committee 802.15.3a, which was tasked with
developing a standard, voted unanimously to disband at a meeting in Hawaii
on January 19, 2006, and the dispute has been passed to the marketplace.
Now, two opposing camps continue to develop their own approaches and let
the marketplace decide which one is the most convenient and useful technol-
8
ogy.
The IEEE 802.15.4a has been established for long-range, low-power,
low data-rate applications with high precision capability [21]. The task group
of IEEE 802.15.4a has been developing next generation of wireless technology,
which can be applied to asset tagging, asset tracking, industrial inventory con-
trol, home sensing, and logistics. Recently, the task group, after reviewing 26
physical layer proposals, set a baseline standard, where the primary candidate
is UWB-IR technology and the other is a chirp spread spectrum operating at
2.4 GHz [4]. The primary advantages of the UWB-IR technology considered
are low cost, long battery life, multipath immunity, and communication ability
with precision ranging capabilities on the order of 30 cm accuracy. The draft
standard is likely to emerge in mid-2006 [21].
1.2 Potential Applications
While the efforts of regulations and standardization are underway across
the world, the commercialization of UWB technology has been undertaken for
developing a wide variety of applications in both short-range communication
systems supporting high data-rate applications and low data-rate intelligent
devices, including accurate location-tracking capabilities. Since UWB radios
can increase link range at the cost of the reduced information rate, the two
complementary usage regions can be implemented based on very similar archi-
tectures for scalable data rates/ranges [13]. A number of practical applications
of UWB technology can be identified, but some of the major potential appli-
9
cations are summarized here.
1.2.1 Wireless Personal Area Networks
Digital communication techniques for personal area networks have been
developed to provide high data-rate transmissions as the demand increases for
multimedia consumer electronics, which require high-speed signal processing
computation and data throughput, grows. The demand has been satisfied
by interconnecting devices through wires such as Universal Serial Bus (USB)
and IEEE 1394. Compared to wireless-based applications, however, conven-
tional wire-based applications have an inherent handicap in the arrangement of
the devices because wiring between the devices presents problems. Therefore,
wireless-connectivity technology for high data-rate transmissions addressed to
market and its demands has been on the increase.
Meanwhile, UWB technology has revolutionized home media and of-
fice networking by taking over the tasks of wired devices, such as distributing
HDTV signals. In this case, the bit rate needed is in excess of 30 Mbps over a
distance of at least a few meters, from a receiver to multiple TV sets around
the home, for transmitting large picture files between digital cameras and
computers, connecting monitors and printers to computers, connecting lap-
tops and PDAs, and interconnecting any potential electronic medical devices
with remote monitoring systems [22] [23]. Although systems for relatively
longer-range wireless networks, such as IEEE 802.11b, 802.11a, or 802.11g,
are considered as candidates for WPANs, they are not attractive solutions for
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very high-bit-rate, low-cost, low-power wireless networks because of their high
power consumption and cost [24] [25].
1.2.2 Wireless Sensor Networks
Wireless sensor networks can be characterized as a large number of
densely deployed nodes, where each node transmits information by a low-
power, low-cost device. For industrial or outdoor applications of wireless sen-
sor networks, the potential sensing devices must have several features, such
as low cost, long battery life, low-complexity, high link reliability, and com-
munication ability with precision ranging capabilities [13] [26]. As stated in
the previous section, UWB technology has all the above features as well as a
number of additional properties, including multipath immunity, precise local-
ization, tracking, and distance measuring capabilities. Thus, UWB technology
is considered as a candidate for wireless sensor networks, as well as for asset
tagging/tracking [21]. Meanwhile, Bluetooth is considered a less suitable tech-
nology for wireless sensor networks because its energy requirements and cost
are higher than those for the UWB technology, while the precise localization
capability of UWB outperforms that of Bluetooth technology [3] [27] [28].
1.2.3 Wireless Body Area Networks
WBANs consist of several autonomous wireless sensors that are spread
over the human body by integrating them into the clothing or even implant-
ing them inside the human body. The most promising application of WBANs
11
is healthcare applications such as remote sensing, health monitoring, locat-
ing assets/staff, and workplace safety. Thus, sensing devices must be suitable
for providing scalable data rates over a short range at ultra-low power [29].
Therefore, UWB technology also is considered as the prime candidate for the
air interfaces of WBANs. Furthermore, UWB signals are robust against inter-
ference and provide a high degree of reliability, which will be a key feature for
accurate patient health information [6]. UWB radios also have an enhanced
capability to penetrate materials, a property that could be applied to imaging
or medical diagnostics in various medical applications.
1.3 Thesis Statement
This dissertation defends the following idea:
A UWB impulse radio system exploiting the proposed multiple orthonor-
mal waveforms can provide a better data rate and/or transmission reliability
than a system using any single type of waveform or previously developed mul-
tiple orthonormal waveforms.
1.4 Contributions and Organization of the Dissertation
As mentioned in the previous sections, since the frequency spectrum
of the baseband pulses is extremely broad, the FCC has regulated the power
spectrum to avoid interference with other systems. Unfortunately, the zeroth-
and first-order Gaussian monocycle pulses that are commonly used in UWB
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impulse radio do not meet the FCC indoor spectral constraints and should be
filtered to contain its power distribution within a frequency band from 3.1 GHz
to 10.6 GHz [30] [31] [32]. Note that the additional filtering can lengthen the
pulse duration, and the lengthened pulse duration can reduce system capacity
and increase cost.
Because of the FCC spectral regulations, therefore, the use of baseband
pulses becomes difficult without the additional filtering or frequency shifting.
As can be expected, the challenges lies in designing new pulses exploiting the
available bandwidth to support practical applications while also satisfying the
FCC spectral mask [32] [33] [34] [35] [36] [37] [38]. Table 1.1 briefly describes
the pros and cons of the different approaches and more detailed discussion will
be presented in Chapter 2.
The main contributions of this dissertation are described below:
I propose the principle of generating orthonormal pulse shapes that
comply with the FCC mask without additional frequency shifting or band-
pass filters for the high data-rate transmissions and/or the enhancement of
transmission reliability in UWB systems (Chapter 3). Generally, the pulse
shapes strongly affect the bit error rate (BER) performance and the perfor-
mance degradation in multipath propagation environments. In asynchronous
multiuser environments, moreover, the auto- and cross-correlations property of
the pulse becomes an important factor in determining the effects of multiuser
interference. Thus, I analyze the impact of properties of the proposed pulses,
such as their auto- and cross-correlations, on the correlation receiver of the
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Table 1.1: Pros and cons of different approaches for pulse design
Pulse shape Pros Cons
·Applicable for narrowband ·Sensitive to pulse
Luo’s pulse interference suppression width constraint
·Single type of waveform
·Applicable for an arbitrary ·High complexity in
Wu’s pulse spectrum mask pulse design
·Single type of waveform
·Multiple waveforms · Need frequency shifting or
· Pulse width and bandwidth bandpass filters to comply
Modified Hermite are almost same with with spectral mask
Polynomial pulses respect to the order ·Complexity for generation
is significantly increased
as the order increases
·Multiple waveforms ·Sensitive to pulse
Prolate spheroidal ·Satisfy the spectral mask width constraint
pulses without frequency shifting ·Strong adjacent channel
or bandpass filters interference can be caused
UWB system based on the pulse position modulation (PPM). Furthermore,
I compare the performance of the proposed pulses with different waveforms
under various conditions, such as multipath fading, timing mismatch, and
multiuser interference (Chapter 4). Then, I discuss modulation schemes us-
ing the multiple orthogonal pulses to achieve the enhancement of data rate
in transmissions (Chapter 5). I also propose a novel space-shape (SS) coding
scheme with multiple antennas and multiple orthonormal waveforms to en-
hance the transmission reliability of the UWB systems (Chapter 6).
The dissertation is organized as follows:
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Chapter 2 discusses the effects of the modulation scheme and the pulse
shape on the power spectral density (PSD) of the radiated signal, and then
reviews the previous pulse shapes. In particular, recently developed multiple
orthogonal pulses for achieving high data rate and/or enhanced transmission
reliability are reviewed. Channel models for indoor UWB systems are also
introduced.
Chapter 3 presents the limitations of two previous multiple orthogonal
pulse shapes, which motivates the need of new pulse shapes for UWB-IR sys-
tems. Then, I propose novel orthonormal pulses that not only meet the power
spectral mask of the FCC for indoor UWB systems, but also preserve orthog-
onality at the correlation receiver. The proposed pulses are derived from a
parametric closed-form solution. Thus, multiple orthonormal pulses that com-
ply with the FCC mask without additional frequency shifting or bandpass
filters can be generated for high data-rate wireless connectivity and/or the
enhancement of transmission reliability.
Chapter 4 analyzes the impact of the correlation characteristics of the
proposed waveforms on the performance of a correlation receiver and pro-
vides a performance comparison with different waveforms under various con-
ditions, such as multipath fading, timing mismatch, and multiuser interference.
Through the results of a theoretical analysis and simulations, I show that the
proposed orthonormal pulses provide enhanced BER performance of the cor-
relation receiver compared to that of the well-known orthonormal modified
Hermite polynomial function (MHP) pulses and even a Gaussian monocycle.
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Chapter 5 discusses modulation schemes that use the proposed multiple
orthogonal pulses to achieve the enhancement of data rate in transmissions.
The results of simulations comparing different waveforms demonstrate the ef-
fectiveness of the proposed orthonormal pulses in various conditions.
Chapter 6 proposes a novel space-shape coding scheme with multiple
antennas and multiple orthonormal waveforms for the UWB-IR systems. Since
the proposed coding scheme can be applied for every frame, spatial diversity
can be achieved even without the invariant channel condition over frames.
Furthermore, the proposed scheme can provide an additional power gain to
enhance the BER performance while the FCC spectral regulation is satisfied.
The validation of the proposed scheme is demonstrated with simulations.
Chapter 7 presents the conclusions of the dissertation and proposes
future research topics.
1.5 Notation and Nomenclature
In general, a letter in bold face stands for a matrix or a vector , as
should be clear from context. The operation ∗ denotes a convolution operation;
(·)T stands for the matrix or the vector transpose; (·)∗ represents complex
conjugate; (·)N denotes the modulo operation; | · | denotes absolute value;
‖ · ‖2 denotes the squared Euclidean norm; δ(·) is the Dirac delta functional;
(·)k denotes the kth element of the argument vector; (·)k,m denotes the (k,m)th
entry of the argument matrix; {·} is a finite set of integers; < a, b > indicates
the inner product between a and b; R(·) represents the auto-correlation; and
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R̃(x) = R(x) − R(x − δ) denotes the correlation difference; d̂ is the estimate
of d; and p(t; i, j) denotes the waveform p(t) at the j th frame for ith bit.
Table 1.2 describes the nomenclature used in the dissertation.
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Table 1.2: Nomenclature
AWGN : Additive White Gaussian Noise
DFT : Discrete Fourier Transform
DoD : U.S. Department of Defense
FCC : Federal Communications Commission
EIRP : Effective Isotropic Radiated Power
IFT : Inverse Fourier Transform
GPS : Global Positioning System
GSM : Global System for Mobile Telecommunication
ISI : Intersymbol Interference
LCR : Large Current Radiator
LOS : Line-of Sight
MHP : Modified Hermite Polynomial Function
MRC : Maximal Ration Combining
MUI : Multiuser Interference
PPM : Pulse Position Modulation
PS : Prolate Spheroidal
PSD : Power Spectral Density
PSM : Pulse Shape Modulation
SEN : Squared Euclidean Norm
SLC : Square-Law Combining
SNR : Signal-to-Noise Ratio
SS : Space Shape
STC : Space-Time Coding
SUE : Spectrum Utilization Efficiency
TD-SCDMA : Time Division-Synchronous Code Division Multiple Access
TH : Time-Hopping
UAVs : Unmanned Air Vehicles
UMTS : Universal Mobile Telecommunications System
USB : Universal Serial Bus
UWB-IR : Ultra-Wideband Impulse Radio
WBANs : Wireless Body Area Networks
WCDMA : Wideband Code Division Multiple Access
WPANs : Wireless Personal Area Networks
WLAN : Wireless Local Area Network
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Chapter 2
Pulse Shapes for UWB Systems
This chapter describes the effects of the modulation scheme and the
pulse shape on the PSD of the radiated signal and then reviews the previous
pulse shapes. The antenna and channel models for indoor UWB systems are
also introduced.
The rest of the chapter is organized as follows. Issues for the PSD of
UWB signal and interference with different systems are introduced in Section
2.1. In Section 2.2, the PSDs of PPM modulated UWB signals with both finite
deterministic TH and infinite random TH are discussed. Previous waveforms
for indoor UWB system are briefly reviewed in Section 2.3. In Section 2.4,
antenna model is described and channel models for indoor UWB systems are
discussed in Section 2.5. The summary is given in Section 2.6.
2.1 Introduction
As mentioned in Chapter 1, UWB radio communicates with ultra-short
pulses. Thus, the energy of the radio signal occupies from near DC to several
GHz. Since the frequency spectrum of UWB signals is extremely broad, the
UWB radio must operate under Part 15 FCC regulations to avoid interfer-
19
ing with other existing systems, such as GSM and GPS. In addition, UWB
radios must contend with various interfering signals to preserve reliable com-
munications. For military applications, the major objective is to minimize the
probability of detection and interception by malicious users. This objective
requires that UWB signals be transmitted with extremely low spectral content
while the average power level must be maintained enough for reliable commu-
nications. All of these requirements imply that the spectral occupancy and
composition of a chosen time-hopping (TH) technique are important consid-
erations in the design of a TH UWB multiple access communication system.
In general, the PSD of the radiated signal is shaped by the pulse shape
as well as by the modulation scheme. The PSD of the UWB signal has been
studied, and analytical expressions for various situations have been introduced
in the literature [39] [40] [41] [42] [43] [44] [45]. In [39], the PSD of UWB sig-
nal based on analog pulse position modulation (PPM) is introduced and the
analytical expressions of the PSD for variously modulated UWB signals, such
as TH-PPM, binary antipodal modulation (BAM), and Direct-Sequence (DS)
UWB signals, also are derived. The PSD of UWB signals with deterministic
TH codes is derived in [40] and the effect of timing jitter on the PSDs of UWB
signals with finite and infinite TH sequences is investigated in [42]. The effect
of arbitrary timing jitter on the PSD of UWB signals is further examined in
[41] [44] and the generalized expression with timing jitter is presented in [44]
and [41] shows that the PSD of zero-mean and uncorrelated data stream is
not affected by timing jitter. The PSD of nth-order Gaussian pulse is derived
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in [43] and different version of the PSD of Gaussian pulse is derived under
realistic multipath channel in [45].
Interference with other existing systems, such as GSM, WLAN, GPS,
UMTS, SCDMA, have been studied in [14] [15] [16] [17] [18] [19] [46]. The co-
existence with IEEE 802.11b and Bluetooth networks are studied in [14]. The
study is based on experimental test measurements and the results show that
both IEEE 802.11b system and Bluetooth networks are slightly suffer from
the interference of UWB signal. Since fixed wireless access can be impaired
by the interference of UWB signal, the coexistence issue has been analyzed
and the result of non-practical risk is presented in [15]. When the distance
between the devices is close, the throughput of the IEEE 802.11a system can
be severely degraded by the UWB interference [16], but the interference of
UWB signal to IEEE 802.11a system can be significantly mitigated in line-of
sight (LOS) scenarios, even at close range [17]. Mutual interferences between
UWB signals and other various systems, such as GSM900, UMTS/WCDMA,
and GPS, are studied in terms of a UWB pulse width in [18] and, through the
simulations, they concluded that the proper selection of UWB pulse shapes
and pulse width can effectively avoid/mitigate the interferences between the
devices. Through theoretical analysis and simulations, [19] shows that the
interference of UWB signals to CDMA system is insignificant and the results
of [46] indicate that asynchronous transmission of UWB signals can efficiently
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Figure 2.1: Pulse Position Modulation
In this chapter, the effect of the modulation scheme on the PSD of the
radiated signal will be discussed first, followed by a discussion on the effect of
the pulse shape on the PSD. In addition, various pulse shapes and the channel
model for indoor UWB systems will be introduced.
2.2 Power Spectral Density (PSD) of Time-Hopping Pulse
Position Modulation (TH-PPM) UWB Signals
For wireless communications, the data stream can be encoded into a
train of baseband pulses by varying the position of a pulse within a repetition
period [30], [31], [47]. Fig. 2.1 shows the pulse position modulation (PPM).
As shown in the figure, δopt is the optimal time offset, which will be discussed
more detail in Chapter 4, of binary PPM, and δopt is considered as a time shift
to represent the data bit of value 0 or 1.
In binary PPM UWB systems, the TH sequence provides an additional
time shift at every frame in the pulse train. The TH sequence is adopted for
avoiding catastrophic collisions among users in multiple access systems [30]
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[31]. In addition, the additional advantages of adopting TH sequence are
summarized as follows [42] [48]:
1. The time shifted pulses are more difficult to detect and to intercept.
2. Without an additional time shift, the pulses tend to be peaky due
to the overlap of multiple pulses. The TH sequence can reduce the
PSD of the uniformly spaced pulse train.
3. Careful design of the TH codes minimizes the effects of multipath
and multiuser interference (MUI).
4. Careful design of the TH codes controls the power spectrum for
coexistence with other technologies.
5. Synchronization between the transmitter and the receiver can be
improved.
In the following subsections, I will discuss the PSD of PPM modulated
UWB signals with both finite deterministic TH and infinite random TH.
2.2.1 PSD of PPM UWB Signals with Finite TH Sequence
In the UWB systems adopting binary PPM and finite TH, the trans-








p(t− iTs − jTf − c(iNs+j)NcTc − εdi), (2.1)
where Ns is the number of pulses to transmit a bit, p(t) represents a pulse
shape, Ts(=Ns · Tf ) is the symbol duration, and Tf is the frame period,
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which may be ten to a thousand times that of a single waveform’s width,
Tp. The expression {c(iNs+j)Nc ∈ [0, Nc)} is an integer TH sequence, where
c(iNs+j)Nc ≡ c(iNs+j) mod Nc, and the TH sequence is repeated during trans-
mission. Tc is the time period of a TH chip. ε is the time offset of binary PPM,
and di ∈ {0, 1} is the ith bit data transmitted during the symbol time Ts. Since
the TH is a finite sequence, the periodically repeated sequence can be repre-
sented by the N1 subsequences, where N1 and N2 are the smallest pair of
integers satisfying the equation (N1 ·Ns=N2 ·Nc). Thus, the N1 subsequences
can be considered as a deterministic sequence and the TH sequence can be
expressed as a filter with a discrete impulse response, ci(t). When the modu-
lation scheme, including the TH sequence, is represented as m(t), the radiated
signal s(t) can be expressed as [42]














and ∗ represents convolution.
Meanwhile, the PSD of the radiated pulse is derived from (2.2) as
Ss(f) = |P (f)|2SM(f), (2.5)
where P (f) is the Fourier transform of the transmitted waveform and SM(f)
is the PSD of the modulation scheme. The time-average autocorrelation of the
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The PSD of the modulation scheme, SM(f), is derived by using the Wiener-































where Ci(f) is the Fourier transform of ith TH filter ci(t). In particular,
when the equiprobable binary symbols are assumed for di, the PSD of the






























By inspecting (2.8), it can be observed that the PSD of the modulation scheme
consists of a continuous component and a discrete component. Note that the




2.2.2 PSD of PPM UWB Signals with Infinite TH Sequence
To investigate the effect of the length of TH sequence on the PSD of
modulation scheme, the TH sequence with an infinite length is considered.









δ(t− iTs − jTf − ciNs+jTc − εdi), (2.9)
and the PSD of the modulation scheme of (2.9) is derived in a similar way for


































































where sinc(x) = sin(x)
x
. The PSD of the modulation scheme with the infinite TH
sequence also consists of a continuous component and a discrete component,
observed as with the modulation scheme with the finite TH sequence. However,
it is observed that the spectral lines of the discrete component appear at
multiples of 1
Ts
. Thus, the effect of the discrete component on the PSD can
be mitigated by increasing the length of TH sequence, although the discrete
component cannot be eliminated.
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Figure 2.2: PSD of fourth-order Gaussian monocycle with an infinite TH se-
quence
Fig. 2.2 shows the PSD of fourth-order Gaussian monocycle with an
infinite TH sequence. As shown in the figure, the spectral shape of the radiated
signals is dominated by the pulse shape. In addition, the spectral lines of
the discrete component is obvious in the figure, and it is confirmed that the
modulation scheme also has an important influence on the spectral shape of
the radiated signals in the TH-PPM UWB systems. The parameters used for
the simulation are presented in Table 2.1.
27
Table 2.1: Simulation parameters for PSD of radiated fourth-order Gaussian
monocycle with an infinite TH sequence
Parameter Value
Time offset ε 0.2ns
TH chip Tc 2ns
Frame period Tf 50ns
Symbol duration Ts 200ns
Ns 4
Nc 8
τp for Gaussian monocycle 35ps
2.3 Previous Pulse Shapes
As shown in the previous section, the pulse shape is crucial because it
plays an important role in shaping the PSD of the radiated signals. Thus, the
challenge is to shape the spectrum by changing the pulse shape. In this sec-
tion, the previous single type of waveforms are introduced, and then multiple
orthogonal waveforms are reviewed.
2.3.1 Single Type of Waveform
The most commonly referred Gaussian monopulses were generated by
using a rectangular beam waveguide resonator antenna [50]. The antenna
was made by drilling circular holes on a rectangular beam waveguide res-
onator. Since it was easy to fabricate the antenna at low cost, the Gaussian
monopulses became attractive waveforms for monopulse radar and tracking
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[50]. After UWB large current radiator (LCR) antennas introduced [51], ex-
tremely short pulses, typically in the range of nanoseconds, could be generated
by an inexpensive technology (CMOS chips) [39]. With LCR antennas, the
short pulse can be generated by providing a step-function current. The short
shape is called as a Gaussian pulse because its shape resembles a bell curve
and different versions of the Gaussian pulses may be generated by applying
derivatives to the zeroth-order Gaussian monocycle.
In addition to the fractional bandwidth requirement of UWB pulses,
another fundamental characteristic of the UWB pulses is to have a zero DC
offset for power-efficient radiation. Besides the most commonly adopted Gaus-
sian pulses, satisfying these two conditions, several single type of waveforms
(such as the Manchester monocycle, the Return-to-Zero Manchester monocycle
as well as the Laplacian, Rayleigh, and cubic monocycle) have been proposed
for UWB impulse radio systems [39] [52] [53] [54]. The Gaussian pulse, which
is of the zeroth-order, can be represented as








where A and τp are the amplitude and the bandwidth scaling factor, respec-
























































All the above waveforms and their spectra are shown in Fig. 2.3. As shown
in the figure, however, the waveforms violate FCC spectral constraints. Thus,
there have been challenges of designing new pulses, satisfying with desirable
spectral properties [32] [35] [36] [43] [55] [56] [57] [58] [59]. Moreover, it is
known that the PSDs of the Gaussian pulses with orders higher than three
can meet the FCC spectral constraints for indoor UWB communications when













where An is a factor for normalization, and the PSDs of fourth- and fifth-order
Gaussian monocycles and their PSDs are shown in Fig 2.4.
2.3.2 Multiple Orthogonal Waveforms
When UWB systems using orthogonal pulses were introduced [60], [61],
the orthogonal pulses were based on coded monocycles or coded baseband
waveforms. For the UWB pulse design, however, it may not be difficult to find
orthogonal waveform sets mathematically; it is difficult, however, to find an
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Figure 2.3: Various pulse shapes and their PSDs when τp = 0.17ns (a) Pulse
shapes and (b) PSDs
31
















































Figure 2.4: Fourth- and fifth-order Gaussian monocycles and their PSDs when
τp = 0.17ns and τp = 0.18ns are selected for fourth- and fifth-order Gaussian
monocycles, respectively (a) Pulse shapes and (b) PSDs
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orthogonal set within which all the waveforms fit the FCC spectral mask well.
Recently, the algorithms for designing multiple orthogonal pulses that satisfy
the FCC constraints have been developed to achieve high data-rate transmis-
sions and/or an enhancement of communication reliability. Such algorithms
are the modified Hermite polynomial function (MHP) and a pulse design algo-
rithm utilizing ideas of the prolate spheroidal wave function [32] [33] [36] [37]
[38] [62] [63] [64].
Hermite pulses or Hermite functions were introduced in [65], and the
Hermite transform was used in [66] to exploit spatio-temporal relationships in
image processing. In addition, modified Hermite polynomials have been used
to create orthogonal wavelets for multicarrier data transmission over high-rate
digital subscriber loops [67] and UWB communications [62] [68]. In [68], a set
of modulated orthogonal Hermite pulses were used for an M -ary biorthogonal
communication UWB system. Given M/2 orthogonal Hermite pulses, M/2
waveforms were additionally generated by applying minus signs to the orthog-
onal pulses. Thus, the data rate can be enhanced by transmitting different
waveforms. However, the proposed M -ary biorthogonal modulation scheme is
based only on the different pulse shapes, which is called pulse shape modulation
(PSM). Since PSM can be combined with conventional PPM, a higher data
rate can be achieved with orthogonal waveforms. The combined PPM-PSM
scheme will be discussed in the following Chapter 5.
The modified Hermite function is defined as












where n= 0, 1, 2,... and −∞ < t < ∞. Examples of pulses from zeroth- to
























































































· (t9 − 36t7 + 378t5 − 1260t3 + 945t) · e−t
2
4 ,(2.27)
and their time domain representations and PSDs are shown in Fig 2.5 and 2.6.
All the MHP pulses have zero DC components, and all the pulses are mutu-
ally orthogonal when all the width parameter are the same. Other favorable
properties of the MHP pulses are that the time duration and the frequency
bandwidth of the pulses do not change significantly with respect to the order,
while the orthogonality of the pulses is preserved even with the differentiating
effects of the transmit/receive antenna [37] [38]. Based on these properties,
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Figure 2.5: Normalized MHP pulses of orders (a) n= 0, 1, 2, 3, 4 and (b) n=
5, 6, 7, 8, 9.
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Figure 2.6: PSDs of the normalized MHP pulses of orders (a) n= 0, 1, 2, 3, 4
and (b) n= 5, 6, 7, 8, 9.
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data rates higher than those of the conventional single pulse systems can be
achieved by transmitting multiple orthogonal pulses simultaneously. Although
the multiple orthogonal pulses can be generated by increasing the order of the
MHP, the downside of increasing the order of the MHP has also been re-
ported. Since the higher-order MHP pulses are generated by differentiation,
the complexity of the higher-order pulses increases, and the autocorrelation of
the waveforms becomes narrower. With the commonly employed correlation
receiver, therefore, the probability of error increases as the higher-order pulses
are used because the autocorrelation peak becomes narrower. Moreover, the
orthogonality of the waveforms is lost when the pulse width parameters are not
the same [69]. Particularly, when the received waveform consists of a number
of multipath components that experienced different dispersive effects from the
channel, the orthogonality of the waveforms will be destroyed. Therefore, ad-
ditional techniques are required, such as the application of multiplicative delay
operators to the multipath components and the exploitation of the correlation
functions of the Hermite functions against the same order Hermite function
with a different width parameter.
After the prolate spheroidal (PS) functions were introduced in [70] [71],
a novel pulse design algorithm based on PS functions was proposed for UWB
communications [32] [33], and a performance analysis of the system utilizing
the proposed PS pulses was conducted in [63] [64]. The PS functions are con-
sidered very useful in UWB communications because both the time duration
and the frequency band, which are expensive resources, can be limited simul-
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where Tp is the pulse width, and h(t) is the impulse response of the bandpass
filter, which operates between 3.1 GHz and 10.6 GHz. In [32] [33], (2.28) was
solved by discretization, and the PS pulses whose power spectra fit the desired
frequency mask were numerically generated. For reference, two examples of
pulses, which were generated with N = 64 and Tp = 1ns, and their PSDs are
plotted in Fig. 2.7. As shown in the figure, the PSDs of two PS pulses not
only meet the FCC spectral mask for indoor UWB systems, but they are also
concentrated mostly in the 3.1-10.6 GHz frequency band.
PS pulses have many advantages when they are compared with MHP
pulses [32]. One important advantage is that the PS pulses do not need either
frequency shifting or bandpass filters. Meanwhile, the lower-order MHP pulses
require frequency shifting, as shown in Fig. 2.6 (a), and the higher-order MHP
pulses need bandpass filters because multiple lobes of approximately equal
amplitude exist over broad bandwidths, as shown in Fig. 2.6 (b).
The pulse design algorithm based on PS functions is very sensitive
to the pulse width, Tp [32]. Thus, the PSDs of the pulses with smaller Tp
have large sidelobes that can cause strong adjacent channel interference. In
addition, it has been shown that the cross-correlation between two PS pulses
is zero only at the sampling instants, and the values of the cross-correlation

























































Figure 2.7: Normalized prolate spheroidal pulses and their PSDs (a) ψ1(t) and
ψ2(t) and (b) PSDs
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as inappropriate waveforms for asynchronous multiuser UWB systems [72].
Moreover, the mutual orthogonality of the PS pulses is not preserved with
the distortion from the channel and the characteristics of the antennas. Thus,
the received PS pulses do not preserve the orthogonality, which has a notable
impact on the performance of the correlation receiver [73].
2.4 Antenna Modeling
As for an antenna model, the transmitted pulse ptxed(t) can be expressed
as
ptxed(t) = m(t) ∗ ptx(t) ∗ a1(t) ∗ a2(t) (2.29)
where ∗ is convolution, m(t) represents a modulation scheme, ptx(t) is the
pulse shape before the antenna, a1(t) is the impulse response of antenna, and
a2(t) is the simplified differentiator model derived by Maxwell’s equation for
radiated/received waveform.
The effect of the antenna has been commonly modeled as differentia-
tion in the previous studies of Dr. M. Z. Win, Dr. R. A. Scholtz, Dr. R.
Kohno, and Dr. F. Ramirez-Mireles [36] [52] [74] [75], because they have fo-
cused on the pulse shapes and the performance analysis with the simplified
received waveforms. They assumed ideal antennas with unity gain over the
whole occupied bandwidth; that is, the frequency response of a1(t) is unity.
In this dissertation, I also focus on the design of new pulse shapes
and the performance analysis of the system using the proposed multiple or-
thonormal pulses. Therefore, I adopted the same ideal antenna model in my
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dissertation to ensure a fair comparison with other waveforms. Thus, exam-
ples of the proposed pulses are produced with the ideal antenna model, which
has unity gain over the whole occupied bandwidth. There is a debate whether
the antenna pair relationship is a first or second derivative. However, the pro-
posed algorithm for pulse shape design in my dissertation is still valid with
either of antenna models because the impulse response of antenna pair is used
in formulation of the pulse shape design as will be shown in Chapter 3.
On the other hand, when the impulse response of a fielded antenna is
measured and adopted for the systems considered, the transmitted and the
received pulse shapes will be distorted by the antenna characteristics. Thus,
there have been studies in which characterizations of UWB antennas have been
investigated, and antenna models have been developed [76] [77]. The devel-
oped antenna models can be adopted for system-level simulations. Moreover,
it has been shown that the frequency-domain patterns obtained from a time-
domain antenna model of a Vivaldi antenna match well with the measured
frequency-domain patterns [76].
Thus, in future work the pulse shape design can be investigated with
more realistic antenna models. With the characteristics of the fielded antennas,
furthermore, an optimum system design can be developed by simultaneously
considering pulse shape design and modulation schemes.
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2.5 Channel Modeling
The UWB indoor environment is characterized by a dense array of
multipaths. An early channel model, which is called the Saleh-Valenzuela in-
door channel model, was developed by two engineers, A.A.M. Saleh and R.A.
Valenzuela, in 1987 [78]. The Saleh-Valenzuela model is based on measure-
ments utilizing low-power 10ns, 1.5 GHz, radarlike pulses in a medium-size
building (AT&T Bell Laboratories, Crawford Hill location in Holmdel, NJ).
The results of measurements revealed that the observed channel was slowly
time varying, with the delay spread extending over a range up to about 200ns
and RMS values of up to about 50ns. Thus, based on the results of the mul-
tipath propagation measurements, a simple statistical multipath model of the
indoor radio channel, which fit the measurements well and was extensible to
other buildings, was developed.
In the Saleh-Valenzuela channel model, the multipath components ar-
rive at the receiver in clusters, which have a Poisson distribution with rate Λ,
and the rays within a cluster also form a Poisson arrival process with different








jθp,qδ(t− ξp − τp,q), (2.30)
where δ(t) is the Dirac delta functional; αp,q is the gain of the q
th ray of the
pth cluster, which is an independent Rayleigh random variable with an ex-
ponentially decaying power delay profile; θp,q is the phase of each multipath
component, which is an independent uniform random variable over [0, 2π); ξp
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represents the delay of the pth cluster; and τp,q represents the delay of the q
th
ray of the pth cluster.
Recently, Intel Labs performed experiments to measure the indoor
UWB channel in the 2-8 GHz band and developed a modified version of
the Saleh-Valenzuela channel model [79]. Then, in November 2002 the IEEE
802.15.3a Task Group recommended a channel model based on the modified
Saleh-Valenzuela channel model because the clustering phenomenon had been
experimentally confirmed. In the modified Saleh-Valenzuela channel model,
the Rayleigh distribution for the gain of each multipath component is replaced
by the log-normal distribution, and the uniform distribution for the phase is
replaced by random polarity, where θp,q= 0 or π, to represent a real-valued
channel model. Furthermore, based on the minimum multipath resolution,





where L is the number of resolvable multipath components; δ(t) is the Dirac
delta functional; α(l) is the fading coefficient, which is log-normal-distributed
with random polarity, of the lth resolvable path; and Tr represents the mini-
mum multipath resolution. Fig. 2.8 shows a typical realization of the channel
impulse response generated by using the modified Saleh-Valenzuela channel
model. The same parameters, which are given by Table 11 of [79], are chosen
for a none-line-of-sight channel model.
According to the multipath characteristics of an indoor UWB channel,
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Figure 2.8: A typical realization of the channel impulse response generated
using the modified Saleh-Valenzuela channel model
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the received signal may contain a significant number of resolvable multipath
components even when a single pulse is transmitted. Therefore, a RAKE re-
ceiver can be considered for collecting the resolvable multipath components to
exploit the multipath diversity. However, a simple RAKE receiver with a sin-
gle finger is assumed because in this dissertation I am focusing on the design of
orthonormal waveforms and UWB systems exploiting orthonormal waveforms.
Moreover, the dissertation provides an analysis of the impact of the properties
associated with the proposed pulses, such as their auto- and cross-correlations,
on the correlation receiver of the UWB system based on pulse position modu-
lation, as well as a comparison of the proposed pulses with other well-known
multiple orthogonal pulses. In addition, the BER performance of the system
can be enhanced by exploiting multipath diversity. Thus, systems collect-
ing more energy by using a RAKE receiver with multiple fingers and optimal
schemes for combining fingers will be considered as a future work.
2.6 Summary
In this dissertation, a method is proposed for designing waveforms that
comply with the FCC spectral mask and preserve the orthogonality at the
receiver under arbitrary channel conditions. However, although the proposed
method can design orthogonal waveforms for a multipath fading channel, for
a fair comparison with different waveforms, example waveforms are produced
as received waveforms at the correlation receiver under an AWGN channel
condition.
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For example, when the MHP pulses are transmitted through the frequency-
selective fading channel, the orthogonality among the MHP pulses may not be
preserved at the correlation receiver. Alternatively, MHP pulses can be used
as the received waveforms to preserve the orthogonality at the correlation re-
ceiver. In that case, however, the different pulse shapes should be transmitted
at the transmitter and the PSDs of the radiated pulses should be carefully
checked for whether the FCC spectral mask is satisfied or not. Therefore,
MHP pulses may not satisfy both the FCC mask and the orthogonality at the
correlation receiver.
Then, by using the computer simulations based on the modified Saleh-
Valenzuela channel, the performance of the proposed schemes using the pro-
posed waveforms are compared with that of the systems using different wave-
forms. Furthermore, performance comparisons with different waveforms are
performed under various conditions, such as non-resolvable multipath fading,
timing mismatch, and multiuser interference.
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Chapter 3
New Orthonormal Pulses for Indoor UWB
Systems
Ultra-wideband (UWB) is a promising short-range radio technique for
high data rates in indoor wireless personal area networks (WPANs) and base-
band multiple access schemes [52]. As discussed in the preceding chapters,
UWB radio is based on the radiation of a train of extremely short pulses,
typically in the range of subnanoseconds, that results in low power spectral
density (PSD) over extremely broad bandwidth.
Since the frequency spectrum of the UWB systems is extremely broad,
it can cause interference with other systems. Thus, the FCC has regulated
the main frequency band of the UWB systems to be between 3.1 GHz and
10.6 GHz [1]. However, the zeroth- and first-order Gaussian monocycle pulse
that is commonly used in UWB impulse radio does not meet the FCC indoor
spectral constraints and should be filtered to contain its power distribution
within a frequency band from 3.1 GHz to 10.6 GHz [1] [31] [32]. Because of
the limitations of the zeroth- and first-order Gaussian monocycle pulse, the
design of new pulses, such as the MHP pulses and the PS pulses [32] [36],
has been challenging. However, frequency shifting and bandpass filters are
required for the MHP pulses of order 0 or 1 and higher-order MHP pulses,
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respectively, to satisfy the FCC spectral mask. The mutual orthogonality of
the pulses, which are generated using the prolate spheroidal function, is not
preserved, because of the distortion of the channel and the characteristics of
the antennas. Thus, the pulse design algorithm does not provide the orthog-
onality for received pulses, which has a notable impact on the performance of
the correlation receiver [32] [36].
In this chapter, novel pulses are proposed that not only meet the FCC
power spectral mask for indoor UWB systems but also preserve orthogonality
at the correlation receiver. The proposed pulses are derived from a paramet-
ric closed-form solution. Thus, multiple orthonormal pulses that comply with
the FCC mask without additional frequency shifting or bandpass filters can
be generated for high-data-rate communications and/or the enhancement of
transmission reliability.
The chapter is organized as follows. In Section 3.1, a system model
for impulse radio systems is introduced in terms of the waveforms at both the
transmitter and receiver sides. New orthonormal waveforms for indoor UWB
system are proposed in Section 3.2. In Section 3.3, two examples of the wave-
forms are presented, and the power spectral densities of these pulse shapes
are examined for compliance with the FCC frequency emission regulations. In
Section 3.4, a modulation scheme using two orthonormal pulses is discussed,
and its effectiveness is demonstrated by computer simulations. The summary
is given in Section 3.5.
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3.1 System Model
When the modulation scheme is represented as m(t) in the UWB sys-
tems, the radiated pulse ptxed(t) can be expressed as
ptxed(t) = m(t) ∗ ptx(t) ∗ atx(t) (3.1)
where ptx(t) is the pulse shape before the antenna and atx(t) is the impulse
response of the transmit antenna. In terms of pulse shape, however, it can
simply be considered that the single pulse is transmitted and received via the
antennas and channel. Thus, the received pulse prx(t) can be expressed as
prx(t) = ptx(t) ∗ atx(t) ∗ hch(t) ∗ arx(t) (3.2)
where hch(t) and arx(t) are the impulse responses of the channel and a receiving
antenna, respectively. By arranging the Fourier transform of (3.2) for Ptx(f),





The PSD of the radiated signal is related to the pulse shape and the
modulation scheme. Thus, the PSD of the radiated pulse is derived from (3.1)












where SM(f) is the PSD of a known modulation scheme [42]. When the
frequency responses of the channel and antennas are also known, I can design
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the received pulse to meet the FCC indoor mask with (3.4). The pulse shape
at the transmitter is derived as the inverse Fourier transform (IFT) of (3.3)
with the designed pulse.
3.2 Orthonormal Waveforms
In this section, I propose novel orthonormal waveforms as the received
pulses. The basic waveform for the proposed waveforms is obtained from the








glcmβn(2t− l −m) (3.5)
where gl and cm are coefficients, and βn(t) is a B-spline function of order n [80].





where −∞ < j, k < ∞ are integers, and the set forms an orthonormal basis
of L2(R) [80]. The dilation parameter j doubles the center frequency of the
waveform as it increases by 1, and the translation parameter k changes the
phase of the waveforms. Thus, when n=3, I obtain the waveform whose center
frequency is around 4 GHz with j=3 or 8 GHz with j=4, and those pulses
satisfy the FCC indoor requirements. A different set of orthonormal waveforms
also can be generated by changing the order of the B-spline function, although
the orthonormality is preserved only within the set with a fixed n.
50
Since any two waveforms from the set {ψj,k(t)} are orthonormal to
each other, I can extend (3.6) with linear combinations. The extended set,











where J = {j} and K = {k} are finite sets of integer j and k, respectively, and
{aj,k} are coefficients. When the dilation parameter j is different from each
other, any pair of waveforms in the extended set are orthonormal. Moreover,
even if j is the same between the extended waveforms, the orthonormality can
also be preserved by the exclusive combination of translation parameter, k. For
example, γ{1},{1} is orthonormal with γ{1},{2}, γ{1},{4}, and γ{1},{6}. In addition,
γ{1},{3} and γ{1},{5} are also orthonormal with γ{1},{2}, γ{1},{4}, and γ{1},{6}.
Thus, the following extended waveforms are orthonormal to each other:
< γ{1},{1,3,5}, γ{1},{2,4,6} >= 0, (3.8)
where < a, b > indicates the inner product of a and b. From the extended
set, (3.7), therefore, a subset of mutually orthonormal waveforms can be con-
structed if the basic waveform, ψj,k(t), is used exclusively for all orthonormal
waveforms within the subset.
The Fourier transform of the basic waveform, ψ(t), is expressed as






where H∗ represents complex conjugate of quadrature filter H, and φ̂ rep-
resents the Fourier transform of the scaling function φ(t) [80]. The Fourier
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The subset of mutually orthonormal waveforms, (3.10), provides high flexibility
for designing a desired pulse shape. Thus, the orthonormal pulses, which
satisfy the FCC indoor spectral requirement, can be produced by solving a
min-max problem based on (3.4). The pulse shapes at the transmitter also
can be generated numerically by the inverse Fourier transform (IFT) of (3.3)
with a specific B-spline of order n.
3.3 Examples of Pulses and Discussion
The basic waveform in (3.5) is generated numerically by using the or-
thogonalized B-spline function of order (n = 3) [80], and the functions used for
generation are briefly presented in Appendix A. With the basic waveform, two
examples of pulses that satisfy the FCC indoor spectral mask as well as mutual
orthonormality at the receiver are produced by (3.10). The frequency-domain













where J1 = {3}, K1 = {±1, 0}, J2 = {4}, K2 = {±3,±2,±1, 0}, and {a4,k} =
{−1, 1.5,−2.2, 2.2,−3, 1.75,−1.5}.
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Since the antenna pair is assumed to be a second-order differentiator
as discussed in Section 2.4, the pulses at the transmitter can be generated
with the channel information from (3.3). Fig. 3.1 (a) shows two examples of
pulses, ptx1(t) and ptx2(t), at the transmitter over an AWGN channel. Fig.
3.1 (b) shows the PSDs of the radiated signals of the two pulses ptx1(t) and
ptx2(t) with pulse position modulation and infinite time hopping (PPM-TH)
[42]. The PSDs of the two pulses not only meet the FCC spectral mask for
the indoor UWB system, but their energy is mostly concentrated in the 3.1-
10.6 GHz frequency band (about 94% of total energy is in the band for both
pulses). The two examples of pulses, ptx1(t) and ptx2(t), can be generated by


































, and the parameter values
can be easily computed by using a scientific computing tool like Mathematica.
3.4 Modulation for High Data Rates
Since the proposed waveforms have the orthonormal property at the
correlation receiver, additional information can be carried by the pulse shapes
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Figure 3.1: Example of pulses at the transmitter and their PSDs with FCC
mask for indoor UWB system (a)Pulse shapes of ptx1(t) and ptx2(t) and (b)PSD
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[37] [38] [81] [82]. For example, by employing PPM and pulse shape modu-
lation (PSM) simultaneously (PPM-PSM), 2 bits of data can be transmitted
with the two pulses, ptx1(t) and ptx2(t). Table 3.1 shows the modulation scheme
to transmit 2 bits of data. Since only a single pulse is transmitted per pulse
repetition time, the energy is kept constant when it is compared with 1-bit
transmission [38]. The selection of pulse shape is based on the statistical prop-
erties of the source in the modulation scheme. If the probability of selecting
the waveform ptx1(t) is q, then the probability of selecting the waveform ptx2(t)
is 1 − q. Thus, the PSD of the radiated pulses with PPM-PSM and infinite
time hopping can be derived as
Stxed(f) =
q|Prx1(f)|2 + (1 − q)|Prx2(f)|2
|Hch(f)Arx(f)|2
SM(f) (3.15)
where Prx1(f) and Prx2(f) are two examples of pulses from (3.11) and (3.12),
respectively. Since (3.15) is the averaged PSD of each pulse, it also satisfies
the FCC indoor mask. In the PPM, the optimal position primarily determines
the BER performance of the correlation receiver, because the minimum auto-
correlation of the received signal is derived directly from the optimal position
[83]. The optimal position for a given waveform can be found by using the
following function [83]:






This function will be discussed further in Chapter 4.
For the computer simulations, I used two truncated examples of pulses
that contain 99.99% of the total energy because they decay exponentially [80].
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Figure 3.2: The error probability for the system using a Gaussian pulse (solid
line) and the proposed systems using two pulses over an additive white Gaus-
sian channel with variance N0/2. Energy per bit is denoted as Eb.
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Table 3.1: Modulation scheme for 2 bits
Position





Fig. 3.2 shows the BER performance of the system using a Gaussian pulse
(solid line) and using two pulses in an AWGN channel with variance N0/2.
Under the assumption of unitary energy of all the waveforms and perfect syn-
chronization between a transmitter and a receiver, the waveforms are detected
by the correlation receiver with maximum likelihood detection. The sampling
rate used in the simulation was 100 GHz. A conventional PPM with a pro-
posed pulse is used for 1-bit transmission, and the PPM-PSM scheme with two
proposed pulses is used for 2-bit transmission. When four different alphabets
are used for 2-bit data transmission as shown in the Table 3.1, the detection
process are performed with template, v(t) , wrx(x) − wrx(x − δopt) where
wrx(x) is a received pulse shape. As shown in Fig. 3.2, the BER performance
of the systems that use the proposed pulses is better than that of the system
using a Gaussian pulse. The reason for the difference is that the minimum
autocorrelations of the proposed pulses are smaller than that of the Gaussian
pulse [83]. Furthermore, it is shown that the modulation scheme with two
proposed pulses achieves almost the same BER performance, while the data
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rate is doubled. Thus, high-data-rate communications can be achieved by the
proposed orthonormal pulses via PPM-PSM. The modulation schemes for data
rate enhancement will be discussed more in Chapter 5.
3.5 Summary
I have proposed novel pulses that not only meet the FCC indoor spec-
tral mask without additional filtering or frequency shifting but also preserve
orthonormality at the correlation receiver. Since the proposed pulses have an
orthonormal property, multiple access schemes or high data rates for UWB
systems can be achieved by using the proposed waveforms. Enhancements to
the transmission reliability of the UWB systems will be presented in Chapter
6. Two examples of pulses that satisfy the FCC indoor spectral mask were
shown from the proposed orthonormal set, and their PSDs were also presented.
The proposed subset of mutually orthonormal waveforms provides high
flexibility in designing a desired pulse shape. Thus, the orthonormal pulses
that comply with the FCC indoor spectral mask can be generated for high
data communications and/or the enhancement of transmission reliability in
UWB systems. Computer simulations showed that high-data-rate communi-




Performance Evaluation of TH-PPM UWB
Systems Exploiting Orthonormal Pulses
The auto- and cross-correlation characteristics of the pulses are im-
portant factors in determining the performance of a correlation receiver of a
system based on PPM. In this chapter, the impact of the correlation character-
istics of the proposed waveforms on the performance of a correlation receiver is
analyzed and a performance comparison of different waveforms under various
conditions, such as multipath fading, timing mismatch, and multiuser interfer-
ence, is provided. Through the results of a theoretical analysis and simulation
experiments, this chapter shows that the proposed orthonormal pulses pro-
vide enhanced BER performance of the correlation receiver compared to the
well-known orthonormal MHPs and even a Gaussian monocycle [73]. The
applications of the proposed pulses for enhancing data rates and/or transmis-
sion reliability, based on the orthogonality between the multiple pulses at the
correlation receiver, will be discussed in Chapter 5 and 6 with examples of
modulation schemes.
This chapter is organized as follows. In Section 4.1, the system model
and the pulse shapes for the indoor UWB system are briefly described. In
Section 4.2, the performance analysis of the correlation receiver in single-user
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and multiuser environments is discussed. The summary is given in Section 4.3.
4.1 Pulse Shapes for TH-PPM UWB Systems
In this section, a typical model for the TH-PPM UWB systems is pre-
sented. In Subsection 4.1.1, the considered system model is described with
the transmitted and the received signal models. The decision rule of the cor-
relation receiver for the detection of the transmitted data also is presented.
In Subsection 4.1.2, the several pulse shapes for the indoor UWB systems are
introduced for performance comparisons.
4.1.1 System Model
In UWB systems adopting binary PPM and TH, the kth transmitter’s









ptx(t− jTf − c(k)j Tc − δd
(k)
i ), (4.1)
where Eb is the energy per bit, Ns is the number of pulses to transmit a bit,
ptx(t) represents the waveform of a single pulse at the transmitter, and the
waveform begins at time zero on the transmitter clock. The expression {c(k)j ∈
[0, Nc)} is an integer TH sequence of the kth user for avoiding catastrophic
collisions among users in multiple access systems. Tc is the time period of a
TH chip, and Tf is the frame period, which may be ten to a thousand times
that of a single waveform width, Tp. δ is the time offset of binary PPM, and
d
(k)
i ∈ {0, 1} is the ith bit data to be transmitted from the kth transmitter. To
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avoid inter-symbol interference (ISI), it is assumed that NcTc + 2δ < Tf .
When Nu transmitters are active in a dense multipath fading channel,










rx−bit(t− τk − µm, i) + n(t), (4.2)
where p
(k)
rx−bit(t, i) is the received pulse train of (4.1). Note that the antenna
systems change the waveform from ptx(t) to prx(t) at the output of the receiver
antenna. Akm models the attenuation factor of the m
th multipath channel be-
tween the kth transmitter and the desired receiver. Akm follows a log-normal
distribution with random polarity [79], but I assume a fixed-channel realization
to compare the impact of the different waveform properties on the correlation
receiver under various conditions such as multipath fading, timing mismatch,
and multiuser interference. τk represents the time asynchronism between the
clocks of the kth transmitter and receiver, and µm is the m
th multipath time
delay. n(t) is additional interference and/or noise, which may exist at the
correlator input and is assumed to be as white Gaussian noise with two-sided
PSD N0/2.
When only a single user is active in the system and the data sequence,
{d(k)i }, is a sampled sequence from a wide-sense stationary process of equally
likely binary symbols, it is known that the correlation receiver with maximum
likelihood detection is the optimal receiver [85]. Under the assumption of per-
fect synchronization for the reference signal, the decision rule of the correlation
receiver for the detection of the ith bit transmitted from the kth transmitter
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can be expressed as follows [31]:
decide”d
(k)












where v(t) , prx(t)− prx(t− δ) is the correlation template waveform and α is
the decision variable.
In a multiuser environment, the decision rule of (4.3) is no longer opti-
mal because the Gaussian approximation for the multiuser interference (MUI)
is not valid [52] [84] [86] [87] [88] [89]. Under the assumption that the receiver
knows the structure of the MUI, the optimal receiver can enhance the system
performance. However, the optimal receiver requires both high complexity in
receiver design and more computational cost in the decision process [90] [91].
Thus, the decision rule of (4.3) is used in the performance comparison for
the multiuser system using different waveforms, which will be discussed in the
following section, because it is simpler for theoretical analysis and practical
implementation [52] [84].
4.1.2 Orthogonal Pulses
The two proposed waveforms that satisfy the FCC indoor spectral mask
as well as mutual orthonormality at the receiver are presented in Section 3.3.
Although the waveforms can be generated even for a frequency-selective fad-
ing channel, the two waveforms are produced as the received waveforms at the
correlation receiver under the assumption that the channel is AWGN and the
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antennas are differentiators [31] [36] for a fair comparison of the different wave-
forms. The proposed waveforms are evaluated by comparing the performance
for a correlation receiver with MHP orthogonal pulses mentioned in Section
2.3.2 [36] [38] [62]. As discussed in Section 2.3.2, the mutual orthogonality of
the received prolate spheroidal pulses is not preserved when the characteristic
of antenna is applied. Thus, the PS pulses are eliminated from the comparison.
The third-order MHP is used as a radiated pulse, and the fourth-order MHP
is used for the received waveform under the assumption that the antennas are
differentiators. The Gaussian monocycle is employed as a reference for a single
type of waveform [92]. The fourth- and the fifth-order Gaussian monocycles
are used as a radiated pulse and a received waveform, respectively. For a fair
performance comparison, the same −10 dB bandwidth is considered for all the
waveforms.
4.2 Performance of the UWB Correlation Receiver
In this section, a typical model for the received signal is presented, and
the performance analysis of the correlation receiver in single-user and multiuser
environments is discussed.
4.2.1 Single User System over an AWGN Channel
When only the kth user is active in the system, the received signal for







rx−bit(t− τk − µm, i) + n(t). (4.4)
By plugging (4.4) into the decision rule of (4.3) under the perfect synchroniza-













rx−bit(t− τk − µm, i) + n(t)
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and the desired signal term, Sk, and the variance of the noise term, σ
2
n(=








where R̃(x) = R(x) − R(x − δ), and R(·) represents the auto-correlation of















which is a function of δ, given that the waveform is determined. For the system
using the decision rule of (4.3), the conditional probability of bit error is given
by [30]












2/2)dx is related to the complementary error func-







. As shown in (4.9), the conditional probability
of the bit error also is a function of δ and the auto-correlation of a specific
waveform.
With a given waveform, therefore, the optimal time offset, which max-
imizes SNR
(k)
out (or minimizes the probability of bit error), can be found by
using the following function:





As shown in (4.8), however, the value of SNR
(k)
out may be affected by a random
factor, multipath delay µm, which makes it difficult to find the optimal time
offset. Thus, the optimal time offset is defined in an ideal direct path condition,
(M = 1, µ1 = 0), and then the effects from multipath fading and timing
mismatch are investigated.
Under the assumption of a single direct path and no timing mismatch,
the optimal time offset is obtained from (4.8) and (4.10) as follows:
δopt = arg min
δ
[R(δ)]. (4.11)
Therefore, the BER depends on the waveforms and their minimal auto-correlation
values of R(δ), when an equal mean power is assumed for all the different wave-
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forms. Fig. 4.1 shows the auto-correlations, which are numerically generated
and normalized, in terms of δ for the fifth-order Gaussian monocycle, MHP
(n = 4), and the two proposed pulses, prx1(t) and prx2(t) (the computation
of the proposed pulses is described in Appendices A and B). As shown in the
figure, the proposed pulses provide smaller minimal R(δopt) than the MHP
(n = 4) and even the fifth-order Gaussian monocycle. Therefore, it can be
concluded that the proposed pulses provide higher SNRout at an equal mean
power than the MHPs and even the fifth-order Gaussian monocycle. In other
words, the proposed pulses are more power-efficient waveforms than any other
considered waveforms for a given BER. Note that the similar results are ob-
served with the MHPs of different order n.
4.2.2 Single User System over Multipath Fading Channel
Given the optimum time offset δopt, the impact of the multipath fad-
ing on the BER performance was investigated. Since the received waveform
consists of a number of multipath components, two types of received signal
model can be considered. One type represents the received signal with the
overlapped multipath components within one pulse duration, and the other
type of received signal model consists of all the resolvable multipath compo-
nents. To exploit the multipath diversity, the resolvable components of the
second signal model can be collected by a RAKE receiver with multiple fin-
gers. However, I will not discuss this issue here because it is beyond the scope
of this dissertation. Information on how the system collects more energy with
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Figure 4.1: Normalized auto-correlations for the fifth-order Gaussian monocy-
cle, MHP (n = 4), and the proposed pulses, prx1(t) and prx2(t).
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a RAKE receiver can be found in [93] [94] [95] [96] [97] [98] [99]. For the
purpose here, however, since the overlapped multipath components within one
pulse duration are not resolvable, the impact of the overlapped multipath com-
ponents on the employed correlation receiver is investigated with a simplified
two-path model. From (4.4), the received signal with one overlapped compo-
nent can be expressed as follows:
r(t) = Ak1p
(k)
rx−bit(t− τk, i) + Ak2p
(k)
rx−bit(t− τk − µ2, i) + n(t), (4.12)
where µ2(≤ Tp) is assumed to be a random variable uniformly distributed on
[0, tm] and tm represents the maximum delay. Since µ2 is a random variable,
the expected desired signal term, after applying to the decision rule of (4.3),
can be derived as follows:
E[Sk] =
{
Ak1NsR̃(0) + Ak2NsE[R̃(µ2)], for d
(k)
i =0




Therefore, the average BER is given by


































Fig. 4.2 shows the comparison of BER performance over the multipath fading
channel for the fifth-order Gaussian monocycle, MHP (n = 4), and the pro-
posed pulses, prx1(t) and prx2(t), when Eb/N0 = 10 dB and tm ∈ [0, 1ns]. As
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Figure 4.2: Comparison of BER performance over multipath fading channel for
the fifth-order Gaussian monocycle, MHP (n = 4), and the proposed pulses,
prx1(t) and prx2(t), when Eb/N0 = 10dB.
shown in the figure, the proposed pulses outperform the MHP pulses and even
the fifth-order Gaussian monocycle. It is also shown that the system using
the proposed pulses achieves about 10 dB more gain in the BER performance
than the system using MHP pulses.
4.2.3 Single User System with Timing Mismatch
In a fielded system, perfect timing is not always achieved at the re-
ceiver. Thus, resistance against timing mismatch is investigated for all of
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the waveforms considered. When the timing mismatch is considered under a
non-inter-symbol-interference assumption, the received signal for the ith bit






rx−bit(t− τk − µm − ts, i) + n(t), (4.15)
where ts represents a timing mismatch. The desired signal term of (4.6) at the




AkmNs{R̃(µm + ts + δoptd(k)i )}, (4.16)
and the timing mismatch, ts, may cause an incorrect decision in (4.3) by chang-
ing the value of R̃(·) of a specific waveform. Under a single-path condition,
Fig. 4.3 shows R̃(ts) as a function of ts for the fifth-order Gaussian monocycle,
MHP (n = 4), and the proposed pulses, prx1(t) and prx2(t). As shown in the
figure, the proposed pulses have narrower main lobes and higher side lobes,
which indicate that their sensitivity to the timing mismatch is higher than the
other waveforms. Thus, additional performance degradation may be caused
compared to the performance of the other waveforms unless a sufficient timing
accuracy is provided for the proposed pulses.
Moreover, it is observed that the R̃(·) of the proposed waveforms
decays faster than that of the MHP pulses. It is known that waveforms hav-
ing fast-decaying auto-correlation functions are desirable to mitigate the MUI
even though those waveforms are more sensitive to timing jitter [100] [101].
Thus, the BER performance comparisons of all the waveforms with MUI are
presented in the following section.
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Figure 4.3: R̃(ts) versus timing mismatch for the fifth-order Gaussian mono-
cycle, MHP (n = 4), and the proposed pulses, prx1(t) and prx2(t).
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4.2.4 Multiuser System Using a Single Waveform
When Nu asynchronous users are active in the system and the signal
from the kth transmitter is the desired signal, the received signal model of (4.2)













rx−bit(t− τk′ − µm) + n(t).
(4.17)
With the decision rule of (4.3), it is shown that an additional MUI term, n
(k)
MUI ,
is added to the decision variable of a single user system, α, and n
(k)
MUI can be






















When both the waveform used in the pulse train, p
(k′)
rx−bit(t), and the waveform
used in the template, v(t) , p
(k)
rx (t) − p(k)rx (t− δ), are the same, the MUI term
can be expressed as the linear summation of multipath components, where
each component consists of only the auto-correlation function of a specific
waveform.
4.2.5 Multiuser System Using Multiple Waveforms
When the received waveforms from different users k′ are different from
the waveform used in the template, the MUI term of (4.18) can be expressed as
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the linear summation of the cross-correlation among the waveforms. Fig. 4.4
shows the cross-correlation properties, which are numerically generated and
normalized, of both the MHP pulses between n = 4 and n = 3, 5, 9 and the
proposed pulses between prx1(t) and prx2(t). As shown in the figure, the pro-
posed pulses have smaller variance of cross-correlation than that of the MHP
pulses, and both waveforms have zero mean. Therefore, it can be concluded
that the proposed pulses are more reliable for the orthogonal detection at the
correlation receiver than for the MHP pulses as they will enhance BER per-
formance in a multiuser environment.
The exact BER performance analysis of TH-PPM UWB systems in
the presence of MUI was recently developed in [84] [88]. The closed form,
which is presented in [84], is used for the BER analysis of the system using the
proposed pulses, as well as the MHP pulses and fifth-order Gaussian monocy-
cle with the auto- and cross-correlation functions of each waveform. Fig. 4.5
shows the comparison of the BER performance with MUI on the AWGN chan-
nel for the fifth-order Gaussian monocycle, MHP pulses (n = 4 and n = 5),
and the proposed pulses, prx1(t) and prx2(t). As shown in the figure, the pro-
posed pulses significantly outperform the MHP pulses and even the fifth-order
Gaussian monocycle. In the figure, moreover, it is shown that the systems us-
ing the multiple waveforms for multiusers outperforms the system using only
a single waveform. Note that the probability of users selecting each waveform
is assumed to be equal, and certain values for the parameters such as Ns = 4,
Nu = 8, Nc = 8, Tf = 50ns, Tc = 2ns are used for all of the waveforms.
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MHP (n=4 and n=3)
MHP (n=4 and n=5)





Figure 4.4: Normalized cross-correlations for the MHP pulses between n = 4
and n = 3, 5, 9 and the proposed pulses between prx1(t) and prx2(t).
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Figure 4.5: Comparison of the BER performance with multiuser interference
(MUI) on AWGN channel for the fifth-order Gaussian monocycle, MHP pulses
(n = 4 and n = 5), and the proposed pulses, prx1(t) and prx2(t).
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4.3 Summary
Using the novel multiple orthonormal pulses proposed in [59], I ana-
lyzed the impact of the properties of the proposed pulses, such as auto- and
cross-correlations, on the correlation receiver. I also provided a performance
comparison of the correlation receiver with different waveforms, such as the
fifth-order Gaussian monocycle and MHP pulses under various conditions, such
as multipath fading, timing mismatch, and multiuser interference. According
to the results of the performance comparison, it is shown that the proposed
pulses outperform the multiple orthogonal MHP pulses on the correlation re-
ceiver because the proposed pulses provide lower minimum auto-correlation as
well as smaller variance of cross-correlation. Therefore, the enhancement of
the BER performance can be achieved by using the proposed pulses. Because
of the higher sensitivity to the timing mismatch than that of MHP pulses, how-
ever, more timing accuracy may be needed for the system using the proposed
pulses than for the system using the MHP pulses.
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Chapter 5
Data-Rate Enhancement Using Pulse Shape
Modulation (PSM)
In Chapter 4, the impact of the correlation characteristics of the pro-
posed waveforms on the performance of a correlation receiver is analyzed and
a performance comparison with different waveforms is performed under var-
ious conditions, such as multipath fading, timing mismatch, and multiuser
interference. In this chapter, based on the orthogonality between the multi-
ple pulses at the correlation receiver, the application of the proposed pulses
for enhancing the data rates is discussed for modulation schemes using pulse
shape modulation (PSM).
The chapter is organized as follows. In Section 5.1, the PPM-PSM
scheme with optimal pulse position is presented, and its effectiveness is demon-
strated by computer simulations. In Section 5.2, the PPM-PSM scheme with
polarity method is presented for higher data rates. The summary is given in
Section 5.3.
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5.1 PPM-PSM Scheme with Optimal Pulse Position
In this section, the application of the multiple orthogonal waveforms
for enhancing the data rates is discussed, with an example of a modulation
scheme. When multiple types of waveforms have the orthonormal property
at the correlation receiver, unlike a single type of waveform, additional infor-
mation can be carried by exploiting the different waveforms [37] [38] [81] [82]
[102]. As discussed in Section 3.4, I can transmit 2 bits of data with the two
pulses, wtx1(t) and wtx2(t), by employing PPM and PSM simultaneously. Ta-
ble 5.1 shows an example of a modulation scheme to transmit 2 bits of data.
Note that the optimal time offsets for the given waveforms are defined by using
(4.11). In Table 5.1, I adopt a Gray coding scheme with consideration of the
different distances among the alphabets at the correlation receiver. Moreover,
since only a single pulse is transmitted per frame, the PSD of the radiated
signal over the PPM-PSM scheme still satisfies the FCC indoor mask, and the
energy is kept constant when it is compared with 1-bit transmission [38]. Note
that in the modulation scheme the selection of the waveform is based on the
statistical properties of the data source.
Under the assumption of unitary energy of all of the waveforms
and perfect synchronization between the transmitter and the receiver, the
orthonormal waveforms can be detected by the correlation receiver with max-
imum likelihood detection. When four different alphabets are used for 2-bit
data transmission as shown in the Table 5.1, the detection process with two
templates, vz(t) , w
(k)
rxz(t)−w(k)rxz(t− δwrxz) for z ∈ {1, 2}, can be expressed as
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Table 5.1: Modulation scheme for 2 bits
Data Position
Source Tf Tf + δwrx2 Tf + δwrx1
00 wtx1 0 0
01 wtx2 0 0
10 0 wtx2 0








00, if |α1| > |α2| and α1 > 0
11, if |α1| > |α2| and α1 < 0
01, if |α1| < |α2| and α2 > 0













r(t)vz(t− τk − jTf − c(k)j Tc)dt for z ∈ {1, 2} is a decision
variable.
By inspecting the decision variable, αz(t), it is observed that the auto-
correlation as well as the cross-correlation characteristics of the waveforms have
significant impact on the BER performance of the correlation receiver. Under
the assumption of an AWGN channel, it is clear that the desirable waveforms
need to have both the smaller minimum auto-correlation values of each wave-
form and the smaller variance of cross-correlation between the two waveforms
for obtaining the longer distance between |α1| and |α2|. Furthermore, when
more asynchronous users are active in the system, the waveforms, which have
the smaller variance of cross-correlation, are more desirable for mitigating the
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2 bit (MHPs with 2 users)
2 bit (MHPs with 1 user)
1 bit (MHPs with 1 user)
2 bit (Proposed pulses with 2 users)
2 bit (Proposed pulses with 1 user)
1 bit (Proposed pulses with 1 user)
Figure 5.1: Comparison of BER performances with and without the MUI
between the system using the two proposed pulses and the system using the
MHP pulses (n = 4 and n = 5) over the Eb/N0 in AWGN channel.
interference from other users.
According to Fig. 4.1 and Fig. 4.4, the proposed waveforms have
both the smaller minimum auto-correlation values and the smaller variance
of cross-correlation compared to the MHP pulses (n = 4 and n = 5). Thus,
it is expected that the system using the proposed waveforms outperforms the
system using the MHP pulses (n = 4 and n = 5) in the BER performance, and
this superiority is confirmed in the computer simulations. Fig. 5.1 shows a
comparison of BER performances between the system using the two proposed
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pulses and the system using the MHP pulses (n = 4 and n = 5) over the Eb/N0
in an AWGN channel. A conventional PPM with a single waveform is used
for 1-bit transmission, and the PPM-PSM scheme with the two orthonormal
waveforms is used for 2-bit transmission. In addition, a simple system with two
asynchronous users is simulated to show the effect of the correlation character-
istics of the waveform on the BER performance in the presence of MUI. The
asynchronous delay of the received signal from an interfering user is assumed
to have a uniform distribution of [0, Tf = 50ns), and the optimal time off-
sets for the waveforms are defined as follows: δprx1=0.1146ns, δprx2=0.0625ns,
δMHP (n=4)=0.182ns, and δMHP (n=5)=0.162ns. The sampling rate used in the
simulation was 100 GHz. As shown in Fig. 5.1, the BER performance of the
systems using the proposed pulses is an improvement over that for the system
using MHP pulses in all the cases. It also is shown that the BER performance
degradation of the system using the two proposed pulses for 2-bit is relatively
moderate, while that of the system using MHP pulses becomes severe as the
Eb/N0 increases.
The BER performances of the system using the two proposed pulses and
the system using the MHP pulses are also compared on the realistic channel
model. The modified Saleh-Valenzuela channel model, which is presented in
Section 2.5, is adopted, and the same parameters are chosen for a non-line-of-
sight channel model, (τm=17ns, τrms=15ns and NP10dB=35), which are given
by Table 11 of [79]. The channel coefficients are normalized to remove the path
loss, and the BER is obtained by averaging conditional BERs over 10000 chan-
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2 bit (MHPs with 1 user)
2 bit (Proposed pulses with 1 user)
Figure 5.2: Comparison of BER performances between the system using the
two proposed pulses and the system using the MHP pulses (n = 4 and n = 5)
over the Eb/N0 on the modified Saleh-Valenzuela channel model.
nel realizations. Fig. 5.2 shows the comparison between BER performances of
the system using the two proposed pulses and of the system using the MHP
pulses (n = 4 and n = 5) over the Eb/N0 on the modified Saleh-Valenzuela
channel model. As shown in the figure, the simulation results confirm that the
systems using the proposed pulses remarkably outperform the system using
MHP pulses on the realistic channel. Note that a realistic Eb/N0 setting can
be ranged between 7 dB and 20 dB [25].
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5.2 PPM-PSM with Polarity Method
When the technology of changing the polarity of the waveform is em-
ployed on the PPM-PSM modulation scheme, I can transmit more data by us-
ing the multiple orthonormal pulses and PPM-PSM with the polarity scheme.
For example, by employing the polarity changes of the pulse shape, the above
proposed scheme for 2 bits can be simply extended with the increased number
of alphabets. Table 5.2 shows the modulation scheme for transmitting 3 bits of
data and the templates for the correlation receiver. Similar to the modulation
scheme for 2 bits, each optimal time offset is determined by considering both
the auto- and the cross-correlations simultaneously. Since polarity is applied,
however, the time offset for the minimum auto-correlation is not the optimal
time offset anymore, even in a single-user environment, because it makes the
distance between the desired alphabet and the polarized alphabet with time
offset closer than that between orthogonal alphabets. Thus, the optimum time
offset used for the 2-bit modulation scheme in a single-user system degrades
the BER performance if it is used for a 3-bit modulation scheme. For exam-
ple, when the desired data source is 000 from Table 5.2, the auto-correlation
between the waveform for 000 and the template for 100 is closer to 1 than the
correlation value between the waveform and any other templates. Thus, the
error probability is increased in the correlation receiver because the distance
between alphabets becomes closer. Therefore, the time offset of each pulse,
which makes the waveform orthogonal with its time-shifted waveform and all
other waveforms, can be considered optimum for each pulse in both single-user
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Table 5.2: Modulation scheme for 3 bits and templates
Data Position Receiver
Source Tf Tf + δrx2 Tf + δrx1 template
000 ptx1 0 0 v1(t) = prx1(t)
011 0 0 ptx1 v2(t) = prx1(t− δrx1)
010 ptx2 0 0 v3(t) = prx2(t)
001 0 ptx2 0 v4(t) = prx2(t− δrx2)
111 −ptx1 0 0 v5(t) = −prx1(t)
100 0 0 −ptx1 v6(t) = −prx1(t− δrx1)
101 −ptx2 0 0 v7(t) = −prx2(t)
110 0 −ptx2 0 v8(t) = −prx2(t− δrx2)
and multiuser environments. In addition, by adopting a Gray coding scheme
along with consideration of the different distances among the alphabets, the
maximum distance between the desired alphabet and the polarized alphabet
can be used for the worst case, and it can enhance the BER performance of
the system over Eb
No
. With the proposed modulation scheme of Table 5.2, the






1 if z = z′
0 if z 6= z′and z 6= z′ + 4
−1 if z = z′ + 4.
(5.2)
The selection of the pulse shape is also based on the statistical properties of
the source in the modulation scheme.
Under the assumption of unitary energy of all pulses and perfect syn-
chronization between a transmitter and a receiver, the orthonormal or the
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antipodal waveforms can be transmitted, and they are detected by the cor-
relation receiver with maximum likelihood detection. When eight different
alphabets are used for 3-bit data transmission, as shown in the Table 5.2, the
detection process with eight templates can be expressed as






r(t)vz(t−τk−jTf −c(k)j Tc)dt is a decision
variable. The data source corresponding to the estimate ẑ is the estimate of
the transmitted data source. The correlation receiver structure for the pro-
posed modulation scheme is illustrated in Fig. 5.3.
Fig. 5.4 shows the BER performances of systems using the two pro-
posed pulses over the Eb/No in an AWGN channel. A conventional PPM with
a proposed pulse is used for 1-bit transmission, and the PPM-PSM scheme
with the two proposed pulses is used for 2-bit transmission. The PPM-PSM
with polarity scheme and the two proposed pulses are used for 3-bit transmis-
sion. As shown in the figure, the proposed modulation scheme with the two
proposed pulses achieves the enhancement of BER performance even while the
data rate is increased. Thus, high data-rate communication can be achieved
by the proposed orthonormal pulses and PPM-PSM with the polarity scheme.
Fig. 5.5 shows the BER performances of the systems using the two pro-
posed pulses over the Eb/No on the modified Saleh-Valenzuela channel model.
It also is demonstrated with simulation results that the proposed orthonormal
pulses and PPM-PSM with polarity scheme for high data-rate communication













Figure 5.3: Correlation receiver structure for the proposed modulation scheme
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Figure 5.4: BER performance of the systems using the proposed pulses in the
AWGN channel model when a binary PPM, PPM-PSM, and PPM-PSM with
polarity are adopted for 1 bit, 2 bits, and 3 bits, respectively
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Figure 5.5: BER performance of the systems using the proposed pulses on the
modified Saleh-Valenzuela channel model when a binary PPM, PPM-PSM, and
PPM-PSM with polarity are adopted for 1 bit, 2 bits, and 3 bits, respectively
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5.3 Summary
The application of the multiple orthogonal waveforms for enhancing
the data rates is discussed with two examples of modulation schemes, PPM-
PSM and PPM-PSM with the polarity scheme. It is shown that a data-rate
enhancement can be achieved by the modulation schemes utilizing the orthog-
onality between the pulses at the correlation receiver.
Given the correlation receiver structure for the proposed modulation
schemes, the simulation results demonstrated that the system using the pro-
posed waveforms outperforms the system using the MHP pulses in the BER
performance because the proposed waveforms have both smaller minimum
auto-correlation values and a smaller variance of cross-correlation compared
to those of the MHP pulses.
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Chapter 6
Signal Detection Enhancement Using
Transmit Diversity
Recently, multiantenna-based coding schemes, such as an analog space-
time coding (STC) scheme and an adaptive transmit diversity scheme, have
been developed to enhance the transmission reliability of the UWB-IR com-
munication systems [103] [104] [105] [106] [107] [108] [109] [110]. However, all
the approaches are restricted in using a single type of waveform, while further
enhancement of transmission reliability can be achieved by employing multi-
ple orthogonal waveforms (e.g., [32] [36] [59]) in designing the coding scheme.
By applying the multiple orthogonal waveforms to the coding scheme based on
spatial diversity, I can obtain an additional dimension for designing the coding
scheme and relax the commonly assumed time constraint, where the channel
coefficients are invariant over two frames or more. Furthermore, if the multi-
ple waveforms with non-overlapped PSDs are used, the spectrum utilization
efficiency (SUE) [57] [111] can be increased while the FCC spectral regulation
for indoor UWB systems is satisfied [1].
In this chapter, I propose a novel space-shape (SS) coding scheme with
multiple antennas and multiple orthonormal waveforms for the UWB-IR sys-
tems [112]. Unlike the schemes in [103] [104] [105] [106] [107] [108] [109] [110],
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the proposed SS coding scheme can be applied to a single frame because the
proposed scheme is not based on time diversity. Therefore, the commonly as-
sumed time-invariant channel condition for the STC scheme can be relaxed.
Furthermore, an additional power gain enhancing the BER performance can be
achieved by the proposed scheme when the pulses with non-overlapped PSDs
are used.
This chapter is organized as follows. In Section 6.1, the system model
for the proposed SS coding scheme is introduced. In Section 6.2, the novel SS
coding scheme is proposed with two different power control schemes depend-
ing on the PSD characteristic of waveforms. The effectiveness of the proposed
scheme is demonstrated by computer simulations in Section 6.3. The summary
is given in Section 6.4.
6.1 System Model
In the UWB systems adopting binary PPM and the TH code, the kth
transmitter’s pulse train, which carries the ith bit, from a single transmit an-








ptxa(t− jTf − c(k)j Tc − εd
(k)
i ), (6.1)
where P is the transmit power, and ptxa(t) represents the waveform of a single
pulse at the transmitter. The waveform is normalized to have unit energy, and
it begins at time zero on the transmitter clock. The expression {c(k)j ∈ [0, Nc)}






















Figure 6.1: UWB-IR system with two-branch transmit diversity and one re-
ceiver
and Tf is a frame period. ε is the time offset of binary PPM, and d
(k)
i ∈ {0, 1}
is the ith bit of data to be transmitted from the kth transmitter. Ns is the
number of pulses to transmit a bit. When perfect synchronization is assumed,






ptxa(t− jTf − ∆), (6.2)
where ∆ ∈ {0, ε}.
Fig. 6.1 shows the configuration of the proposed system. For the pro-
posed SS coding scheme, a simple system with two transmit and one receive
antennas is considered, and two orthonormal pulses are employed. In addition,
non-coherent detection is adopted under the assumption that the orthogonal
PPM is employed and channel state information is unknown to the receiver.
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Based on the measurements, a UWB indoor channel model with mul-
tipath fading was developed by Intel Labs [79], and, as presented in Section





where L is the number of resolvable multipath components; δ(t) is the Dirac
delta functional; α(l) is the fading coefficient, which is log-normal-distributed
with random polarity, of the lth resolvable path; and τ(l) represents the delay,
which is integer multiples of the path resolution of 0.167ns, of the lth path.
Note that a single user system is assumed for simplicity, but the system
can be extended to a multiuser system under the consideration of the multiuser
interferences [52]. Moreover, I can extend the system with a RAKE receiver
to achieve multipath diversity [93] [97] [98] [104].
6.2 Space-Shape Coding Scheme
In this section, I propose the novel SS coding scheme with two different
power-control schemes, depending on the PSD characteristic of waveforms.
6.2.1 Orthogonal Pulses with Overlapped PSDs
The two orthonormal waveforms for the proposed SS coding scheme are
denoted as ptxa(t) for a ∈ {0, 1}. Without loss of generality, I can consider
that the transmitted ith bit data is 0, then Table 6.1 depicts the SS coding
scheme for the jth frame of a symbol over two transmit antennas. As shown
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Table 6.1: Space-shape coding scheme
Antenna 0 Antenna 1
Shape 0 ptx0(t) −ptx0(t)
Shape 1 ptx1(t) ptx1(t)
in the table, the SS coding scheme can be employed frame by frame, and the
coded waveforms that were transmitted from the zeroth and the first antennas
can be expressed as




[ptx0(t; i, j) + ptx1(t; i, j)] (6.4)
and




[ptx1(t; i, j) − ptx0(t; i, j)] , (6.5)
respectively, where ptx0(t; i, j) and ptx1(t; i, j) are the two orthonormal pulses
of the jth frame for the ith bit. Note that the power of each pulse with
overlapped PSD is limited to P
4
for ensuring the same total transmit power
with a single antenna transmission.
The two multipath channels from the zeroth and the first transmit
antennas to the receive antenna are assumed to be mutually independent and
denoted with h0(t) and h1(t), respectively. Then, the jth received frame is
94
given by






















where ∗ stands for convolution, n(t) is an AWGN with PSD N0
2
, and prx0(t)
and prx1(t) are the received waveforms, which are changed by the differential
characteristic of antennas [52].
Since the received waveforms consist of the two orthonormal waveforms,
the matched filters, which use each received waveform and its time-shifted
waveform prxa(t−∆) for a ∈ {0, 1} and ∆ ∈ {0, ε} as reference, are employed
to detect the jth transmitted frame in a vector form. Thus, the output of the
matched filters for the jth frame of the ith symbol can be derived as follows:
Y (t; i, j) =
[ ∫ (j+1)Tf
jTf
X(t; i, j)prx0(t− ∆)dt
∫ (j+1)Tf
jTf

































prx1(t−∆)dt are the normalized auto-correlation functions of the two orthonor-




where a ∈ {0, 1}, is the filtered noise with PSD N0
2
.
The decoding scheme using the squared Euclidean norm (SEN) of the
received vector is optimal for the noncoherent, orthogonal PPM UWB sys-
tems when the multipath-free channel is assumed [103]. Based on the optimal
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scheme, a simple decoding scheme using the SEN is considered for the consid-
ered multipath channel model. In the absence of noise, the SEN of the ith bit,
‖Y ‖2, can be derived by using (6.7) as follows:












1 + 2(γ0γ1 − β0β1)]
(6.8)
where (·)T denotes transposition, Y (t; i) = ∑(i+1)Ns−1j=iNs Y (t; i, j) is the fil-
tered symbol for the ith bit, βc =
∑Lc−1
lc=0
αc(lc)R0(∆ − τc(lc)), and γc =
∑Lc−1
lc=0
αc(lc)R1(∆− τc(lc)) for c ∈ {0, 1}. Given the decision statistic of (6.8),
the estimation of the ith transmitted symbol can be obtained as follows
d̂i = (arg max
∆
[‖Y ‖2]), (6.9)
where ∆ ∈ {0, ε}.
6.2.2 Orthogonal Pulses with Non-Overlapped PSDs
In Section 6.2.1, the proposed SS coding scheme limits the transmit
power of each waveform to P
4
to comply with the FCC spectral mask. Since
the limited transmit power of each waveform resulted from the overlapped
PSDs of waveforms, however, the transmit power of each waveform can be
increased if the PSDs of orthonormal waveforms are not overlapped. That is,
the FCC spectral mask can be met with the proposed scheme even if more
transmit power is applied for each pulse. As a result, the BER performance
of the system can be enhanced because of the increased total transmit power
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or the enhanced SUE.
While the SUE is enhanced, the increased diversity gain can be pre-
served without loss of the coding gain. For example, if the two orthonormal
pulses, ptx0(t) and ptx1(t), have the non-overlapped PSDs at the transmitter,
the transmit power of each pulse over the SS coding scheme can be doubled.
Thus, the coded waveforms (6.4) and (6.5) can be rewritten as




[ptx0(t; i, j) + ptx1(t; i, j)] (6.10)
and




[ptx1(t; i, j) − ptx0(t; i, j)] , (6.11)
respectively. Note that the power of each pulse with non-overlapped PSD is
extended to P
2
while complying with the FCC spectral mask. Therefore, the
suboptimal decoding scheme for the ith transmitted symbol is the same as












1 + 2(γ0γ1 − β0β1)] (6.12)
Compared with (6.8), it is clearly shown that there is a 3 dB gain
resulted from the increased total transmit power. Thus, the SS coded UWB-
IR system using the orthonormal pulses with non-overlapping PSDs enhances




In this section, the proposed scheme is compared with the single an-
tenna system and the analog ST-coded system with two transmit antenna of
[103]. Since the two different power control schemes depending on the PSD
characteristic of waveforms are proposed, the two pairs of orthonormal wave-
forms with overlapped and non-overlapped PSDs, which were developed in
[59], are employed for the proposed scheme. The same parameters are chosen
for a non-line-of-sight channel model (τm=17ns, τrms=15ns and NP10dB=35),
which are given by Table 11 of [79]. The channel coefficients are normalized
to remove the path loss, and the BER is obtained by averaging conditional
BERs over 10000 channel realizations for each path.
Fig. 6.2 shows the BER performances of the proposed systems with two
transmit antennas and the SS coding schemes over Eb/No, which are compared
to the system using a single antenna and the analog ST-coded system with
two transmit antenna [103]. As shown in the figure, the proposed systems
outperform the conventional system using a single antenna. Moreover, as I al-
ready mentioned in Section 6.2.2, it is shown that the proposed system using
pulses with non-overlapped PSDs achieves about 3 dB more gain due to the
doubled total transmit power than the system using pulses with overlapped
PSDs. Note that the BER performance of the proposed system using pulses
with overlapped PSDs is almost same as that of the analog ST-coded system
because both systems achieve the same diversity at the same transmit power.
Fig. 6.3 shows the PSDs of the proposed SS-coded waveforms with
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Analog ST Coded System with two transmit antennas
Proposed System with overlapped PSD
Proposed System with non−overlapped PSD
Figure 6.2: Comparison of the BER performance for a conventional single
antenna system, the analog space-time-coded system, and the proposed space-
shape-coded systems
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FCC indoor  
(b)
Figure 6.3: PSDs of the proposed SS-coded waveforms at the transmitter (a)
Orthogonal pulses with overlapped PSDs and (b) Orthogonal pulses with non-
overlapped PSDs
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PPM and infinite time hopping (PPM-TH) at the transmitter. As shown
in the figure, both proposed schemes using pulses with overlapped and non-
overlapped PSDs satisfy the FCC spectral mask. Moreover, it is shown that
the enhanced SUE is achieved by using pulses with non-overlapped PSDs when
it is compared with the system using pulses with overlapped PSDs.
6.4 Summary
I proposed a novel SS-coding scheme with two transmit antennas and
two orthonormal waveforms for the UWB-IR systems. Without the invariant
channel condition over frames, the spatial diversity can be achieved by the
proposed schemes. Furthermore, it was shown that an additional power gain
can be achieved by the proposed scheme by using pulses with non-overlapped
PSDs while the FCC spectral regulation is satisfied. Simulation results demon-
strated that the proposed schemes can enhance BER performance.
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Chapter 7
Conclusions and Future Work
7.1 Summary of Contributions
In this dissertation, I proposed the principle of generating orthonormal
pulse shapes that comply with the FCC mask without additional frequency
shifting or bandpass filters. Under various conditions, the performance of the
systems using the proposed waveforms was analyzed and compared with the
systems using different waveforms. I also proposed several schemes that use the
multiple orthogonal pulses to achieve high data rates or enhanced transmission
reliability in UWB systems.
Chapter 2 showed the effects of the modulation scheme and the pulse
shape on the PSD of the radiated signal, and then reviewed the previous pulse
shapes, including recently developed multiple orthogonal pulses. The channel
models for indoor UWB systems were also presented.
Chapter 3 presented the limitations of the two previous multiple or-
thogonal pulse shapes and described the needs that motivated the search for
new pulse shapes for UWB-IR systems. Then I proposed the novel concept
of orthonormal pulses, which not only meet the power spectral mask of the
FCC for indoor UWB systems but also preserve orthogonality at the corre-
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lation receiver. The basic waveform for the proposed waveforms is obtained
from the Battle-Lemarie wavelet, and a set of orthogonal basis waveforms is
obtained from the dilation and translation of the basic waveform. When the
basis waveforms were linearly combined, two examples of pulses were provided
that comply with the FCC spectral mask without additional frequency shifting
or bandpass filters, and their PSDs were presented. Note that the computation
of the proposed pulses is described in Appendices A and B.
Chapter 4 analyzed the impact of the correlation characteristics of the
proposed waveforms on the performance of a correlation receiver and provided
performance comparisons with different waveforms under various conditions,
such as multipath fading, timing mismatch, and multiuser interference. A the-
oretical analysis and simulation experiments showed that an enhanced BER
performance of the correlation receiver could be achieved by using the pro-
posed orthonormal pulses, when compared to the well-known orthonormal
MHP pulses and even a Gaussian monocycle.
Chapter 5 discussed the application of the multiple orthonormal wave-
forms for enhancing the data rates. Two examples of modulation schemes, the
PPM-PSM and PPM-PSM with the polarity schemes, were presented, and
it was shown that the data-rate enhancement could be achieved by the pre-
sented modulation schemes utilizing the orthonormality between the pulses at
the correlation receiver. Simulation results demonstrated that the system us-
ing the proposed waveforms outperforms the system using the MHP pulses in
the BER performance because the proposed waveforms have both the smaller
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minimum auto-correlation values and the smaller variance of cross-correlation.
Chapter 6 proposed a novel Space-Shape coding scheme with multi-
ple antennas and multiple orthonormal waveforms for the UWB-IR systems.
Since the proposed coding scheme can be applied for every frame, the spatial
diversity can be achieved even without the invariant channel condition over
frames. Furthermore, the proposed scheme can provide additional power gain
to enhance the BER performance while the FCC spectral regulation is satis-
fied. The validation of the proposed scheme was demonstrated with computer
simulations.
The computation of the basic waveform is described in Appendix A,
and the Matlab source code to generate the proposed pulses is presented in
Appendix B.
7.2 Future Work
In the future, I can extend the proposed schemes to further enhance
the data rate and/or transmission reliability.
In Chapter 2, I assumed an ideal antenna model, which has unity
gain over the entire occupied bandwidth, and I maintained that assumption
throughout the dissertation. However, when the impulse response of a fielded
antenna is measured and adopted for the considered systems, the transmitted
and the received pulse shapes will be distorted by the antenna characteristics,
and the estimated performance of the systems using the previously developed
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waveforms will be degraded. As shown in Chapter 3, however, the impulse re-
sponse of the antenna is considered a parameter in the proposed algorithm for
the waveform design. Thus, new pulse shapes that preserve the orthogonality
at the receiver may be designed even with a non-ideal antenna model. With
the characteristics of the fielded antennas, therefore, the optimum system de-
sign can be developed by simultaneously considering pulse shape design and
modulation schemes.
In Chapter 3, the examples of the proposed pulse design algorithm are
produced by using the third-order B-spline function. However, different sets
of orthonormal waveforms can also be designed by changing the order of the
B-spline function. Since the orthogonality among the waveforms is preserved
if the order of the B-spline function is the same, various multiple orthonormal
waveforms that have different auto- and cross-correlation properties can be
designed. Moreover, in future work the design of optimal orthonormal wave-
forms that fill up as much area under the FCC power spectral mask as possible
will be investigated.
In Chapter 4, a simplified two-path model was adopted for a received
signal with overlapped multipath components within one-pulse duration, and
the model was used to investigate the impact of the signal on the correlation
receiver. Since the resolvable multipath components of the signal can be col-
lected by a RAKE receiver with multiple fingers, I can extend the systems,
which were proposed for high data rates in Chapter 5, to exploit the multipath
diversity while increasing the data rates. Therefore, I will be able to increase
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the data rate and enhance the transmission reliability simultaneously. How-
ever, the number of resolvable multipath components in the received signal is
generally too large to collect all the components. Thus, a subset of multipath
components needs to be selected and combined by a RAKE receiver. If the
Rake has only a few fingers, the energy captured by the receiver would be
low, and the complexity of the receiver would not be an issue. On the other
hand, the more energy that a RAKE receiver can capture, the greater, the
cost in increased complexity. Thus, a tradeoff exists between the performance
and complexity for a RAKE receiver, and the optimal or suboptimal solutions
for the proposed systems in Chapter 5 can be examined in the future studies.
Furthermore, when the number of fingers is determined, an optimal combining
technique (for example, maximal ration combining (MRC)) can be adopted for
the PPM-PSM scheme to achieve the maximum output signal-to-noise ratio.
In addition, the square-law combining (SLC) technique can be adopted for the
PPM-PSM with a polarity scheme. The SLC technique, which is commonly
employed with orthogonal modulation, does not require the optimal weights
for all the fingers [99]. Thus, enhanced performance may be achieved by adopt-
ing the SLC technique for the PPM-PSM with polarity scheme with a reduced
cost in complexity.
When the optimal time offset is defined for PPM in Chapter 4, I as-
sumed a single direct-path and no timing mismatch. In addition, the multipath
effects were investigated with a simplified two-path model. However, there is
a large number of multipath components in the received signal. Therefore, the
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optimal time offset for PPM can be defined with consideration of the effects of
the multipath, which is more than two path. With information for the resolv-
able multipath components, the optimal time offset can be redefined, and the
system performance can be evaluated again in various conditions, including a
timing mismatch and/or multiuser interference.
In Chapter 6, for simplicity, the proposed SS-coding scheme is applied
to a single-user system, but the system can be extended to a multiuser system
with consideration of multiuser interference. Moreover, the proposed system
can be extended with a RAKE receiver to achieve multipath diversity.
Recently, another approach, one that designs new UWB pulses by us-
ing B-splines, was introduced, and an analog circuit and digital filter for the
generation of B-splines were developed [113] [114] [115]. Therefore, additional
research on the implementation of systems using the proposed pulses could be
performed to realize the proposed systems.
Moreover, there are other design challenges in UWB-IR systems. One
challenge is to design a UWB antenna. Unlike a narrowband antenna, the
electrical properties of UWB antennas depend on frequency over extremely
broad bandwidths. In addition, antenna size is also an important constraint
because a potential application is portable wireless communication devices [77].
Another challenge is synchronization. Since the TH-PPM UWB-IR systems
use a low-duty cycle pseudo randomly time-hopped pulse train, the receivers
need to be synchronized for the correct detection of the received pulse train.
As investigated in Chapter 4, moreover, the BER performance of UWB-IR
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systems can be significantly degraded with timing mismatches.
On the other hand, in the presence of channel uncertainties, the syn-
chronization of the PPM UWB-IR system becomes problematic, because syn-
chronization can be significantly impaired in a dense multipath fading channel
[116]. As the number of multiple paths increases with transmission bandwidth,
even an optimal maximum likelihood detector cannot achieve synchronization
for practical growth rates on the multipath [116]. Therefore, further research is
needed to develop alternative modulation methods for UWB-IR systems. One
example of an alternative modulation method is the Multi-Tone Frequency
Shift Keying (MFSK) scheme described in [117]. In the PPM UWB-IR sys-
tem, the lack of channel state information (CSI) can adversely affect the per-
formance, whereas the MFSK scheme does not require CSI. Moreover, in [117]
the authors insist that, as bandwidth increases, the capacity can approach
the capacity of the AWGN channel. Another version of the MFSK scheme,
one using feedback, has also been introduced to enhance error performance
in a frequency-selective time-varing channel [118]. Those methods, however,
are based on a scheme that tunes waveforms to specific frequencies. By using
multiple waveforms that reside in different frequency bands, future studies will






The basic waveform with the orthogonalized B-spline function of order





















[t+ 2]3+ − 4[t+ 1]3+ + 6[t]3+ − 4[t− 1]3+ + [t− 2]3+
}
, (A.3)
[t]3+ = (max(0, t))
3 . (A.4)
The coefficient gl can be expressed as gl = (−1)lh1−l, where {hk} are the coef-
ficients appearing in the dilation equation of a scaling function [80]. As shown
in [80], the coefficients {hk} can be computed as the kth Fourier coefficient of












































and {cm} are coefficients that orthogonalize the scaling functions. The coeffi-















cos6(ω/2) is defined for the
desired scaling function [120]. With the basic waveform, the Matlab source
code to generate the proposed waveforms is presented in Appendix B. For the
B-spline function of a different order, moreover, different coefficients can be
computed by using the general expressions for βn(t), b(ω), and H(ω) that are
found in [80] [119] [120].
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Appendix B
Matlab Source Code for Waveform Generation
clear all;
c1 = [-0.0000300159 0.0000580049 -0.00011237 0.00021831
-0.000425552 0.000832836 -0.00163778 0.00323986 -0.00645749
0.0129982 -0.0265203 0.0551915 -0.11852 0.268704 -0.67243
1.96976 -0.67243 0.268704 -0.11852 0.0551915 -0.0265203 0.0129982
-0.00645749 0.00323986 -0.00163778 0.000832836 -0.000425552
0.00021831, -0.00011237, 0.0000580049, -0.0000300159];




g = [0.0115986 -0.0122829 -0.0254308 0.024291 0.0594936
-0.0453692 -0.155616 0.070996 0.613659 -1.08347 0.613659 0.070996



































t = [-0.49:0.01:1.5]; for i =1:length(t)
for l = 1:19




















































rx1 = 1.0*wav4_1 - 1.0*wav4_2 - 1.0*wav4_3;
EP_RX1 = sum(rx1.^2);
p_rx1 = 1/sqrt(3)*[rx1]./sqrt(EP_RX1);









rx2 = 2.2*wav5_1 - 2.2*wav5_2 - 3.0*wav5_5 + 1.5*wav5_3 +
1.75*wav5_6 - 1.0*wav5_4 - 1.5*wav5_7;
EP_RX2 = sum(rx2.^2);
p_rx2 = 1/sqrt(7)*[rx2]./sqrt(EP_RX2);










b = 1/8*( beta2(2*t+2) + 4*beta2(2*t+1) + 6*beta2(2*t) +




c = 1/6*( (max(0,t+2)).^3 - 4*(max(0,t+1)).^3 + 6*(max(0,t)).^3
- 4*(max(0,t-1)).^3 + (max(0,t-2)).^3);
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